
Phantom Hypermassive Black Holes as Fermionic Dark Matter
Reservoirs: A Unified Framework via Scalar Portal Mechanisms
Authors:
Rafael Oliveira¹* (ORCID: 0009-0005-2697-4668)
James Bednarski² (ORCID: 0009-0002-5963-6196)

¹ Institute for Advanced Theoretical Physics and Dark Matter Research
² Department of Gravitational Physics, Cosmology and Particle Phenomenology
*Corresponding author: aurumgrid@proton.me

Abstract

We present a unified theoretical framework combining Phantom Hypermassive Black Holes (PHBHs) with
fermionic dark matter mediated by scalar portal interactions. PHBHs serve as cosmic reservoirs of
fermionic dark matter in quantum superposition states across extra dimensions, with scalar mediators
enabling both gravitational "ghosting" and controlled absorption signatures. This merger resolves the
tension between cosmological relic abundance and experimental detectability identified in recent scalar
portal research, while providing a comprehensive explanation for dark matter phenomenology from
microscopic to cosmic scales. The framework predicts distinctive observational signatures including
modulated absorption cross-sections, gravitational wave chirps with scalar field coupling, and
characteristic void structures reflecting fermionic exclusion principles at galactic scales.

Keywords: Phantom black holes, Fermionic dark matter, Scalar portal, Extra dimensions, Quantum
superposition, Dark matter detection

1. Introduction

Recent theoretical developments have revealed fundamental tensions in dark matter physics: fermionic
dark matter models via scalar portals show promise for direct detection but suffer from signal
suppression in cosmologically viable parameter space. Simultaneously, the dark matter distribution at
galactic scales suggests novel gravitational coupling mechanisms that remain unexplained by standard
particle models.

We propose that these apparent contradictions resolve naturally when fermionic dark matter exists
primarily within Phantom Hypermassive Black Holes (PHBHs) - quantum superposition states of compact
objects distributed across extra dimensions. Scalar portal interactions enable both the "phantom"
gravitational behavior and controlled release of fermionic constituents for experimental detection.

1.1 Synthesis of Key Concepts
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From PHBH Theory:

Extra-dimensional quantum superposition states

Suppressed local gravitational coupling

Macroscopic quantum coherence preservation

From Scalar Portal Research:

UV-complete fermionic dark matter interactions

Absorption signatures in direct detection experiments

Cosmological freeze-out mechanisms in dark sectors

Unified Framework: PHBHs contain fermionic dark matter in bound quantum states, with scalar
mediators controlling both internal coherence and external interaction strength.

1.2 Resolution of Existing Tensions

The merger addresses several critical issues:

1. Signal Suppression Problem: PHBH quantum superposition naturally explains why absorption
signals are weak while maintaining cosmological viability

2. Relic Abundance Puzzle: Fermionic freeze-out occurs within PHBH formation, not in free space

3. Scale Hierarchy: Single framework spans particle physics (∼TeV) to cosmology (∼Mpc)

4. Detection Strategy: Provides multiple complementary observational channels

2. Theoretical Framework

2.1 PHBH-Fermionic Dark Matter Bound States

Consider a PHBH of mass M_PHBH containing N_f fermionic dark matter particles χ in quantum bound
states. The total system wavefunction is:

where the sum runs over different extra-dimensional brane configurations, and fermionic states are
correlated with PHBH localization.

2.2 Scalar Portal Mediation

The scalar field φ mediates both:

1. Internal PHBH Coherence: Maintains quantum superposition across branes

2. External Interactions: Enables fermionic dark matter absorption in detectors

|Ψ_total⟩ = Σ_i α_i |PHBH_i⟩ ⊗ |{χ_1,...,χ_N}_i⟩ ⊗ |brane_i⟩|Ψ_total⟩ = Σ_i α_i |PHBH_i⟩ ⊗ |{χ_1,...,χ_N}_i⟩ ⊗ |brane_i⟩



The Lagrangian is:

where:

The scalar field φ exhibits position-dependent coupling strength reflecting PHBH quantum superposition.

2.3 Multi-Scale Dynamics

Microscopic Scale (< keV): Standard scalar portal interactions govern fermionic absorption:

Galactic Scale (kpc):
PHBH gravitational coupling determines structure formation:

Cosmological Scale (Mpc): Large-scale correlations reflect PHBH distribution and fermionic exclusion
principles.

2.4 Quantum Coherence Mechanism

The key innovation is coherent fermionic bound states within PHBHs. Pauli exclusion principle prevents
complete localization, naturally maintaining macroscopic quantum coherence:

This scales with black hole entropy, explaining why hypermassive objects maintain coherence longer.

3. Phenomenological Predictions

3.1 Modified Absorption Cross-Sections

Unlike standard scalar portal models, PHBH-mediated absorption exhibits:

Temporal Modulation:

L = L_SM + L_PHBH + L_fermion + L_scalar + L_portalL = L_SM + L_PHBH + L_fermion + L_scalar + L_portal

L_portal = -g_χ φ χ̄χ - λ_φ φ²H†H - M_PHBH²(φ) G_μν R^μνL_portal = -g_χ φ χ̄χ - λ_φ φ²H†H - M_PHBH²(φ) G_μν R^μν

σ_absorption = (g_χ²/16π) × (m_χ/M_φ²) × F_PHBH(r,t)σ_absorption = (g_χ²/16π) × (m_χ/M_φ²) × F_PHBH(r,t)

G_eff(r) = G_N [1 + ρ_fermion(r)/ρ_critical]^(-1/2)G_eff(r) = G_N [1 + ρ_fermion(r)/ρ_critical]^(-1/2)

τ_decoherence = (ℏ/E_Fermi) × (N_f^2/N_branes) × exp(S_BH/k_B)τ_decoherence = (ℏ/E_Fermi) × (N_f^2/N_branes) × exp(S_BH/k_B)

σ_absorption(t) = σ_0 [1 + A_mod cos(ω_PHBH t + φ_quantum)]σ_absorption(t) = σ_0 [1 + A_mod cos(ω_PHBH t + φ_quantum)]



reflecting PHBH quantum coherence oscillations.

Energy Dependence:

where α ≈ 0.5 differs from standard scalar portal predictions, and F_exclusion reflects fermionic statistics.

Directional Anisotropy: Absorption rates vary with detector orientation relative to local PHBH
distribution, creating daily and annual modulation patterns.

3.2 Gravitational Wave Signatures

PHBH mergers produce distinctive gravitational wave chirps:

The fermionic modulation ε_fermion arises from Pauli pressure effects during merger dynamics.

LISA Detection: Characteristic low-frequency modulation at ~10⁻⁴ Hz reflecting fermionic degeneracy
pressure.

3.3 Large-Scale Structure

Fermionic Exclusion Effects: PHBHs containing degenerate fermions exhibit effective repulsion at short
scales:

Void Formation: Large cosmic voids reflect regions where fermionic exclusion prevents PHBH clustering,
creating characteristic patterns in galaxy distribution.

Halo Profiles: Dark matter halos exhibit "fermionic cores" with density profiles:

where r_Fermi ~ (ℏ²/Gm_χ⁴ρ_0)^(1/2) is the quantum scale.

4. Resolution of Scalar Portal Tensions

4.1 Signal Suppression Problem

Standard Scalar Portal Issue: Absorption cross-sections become undetectably small in cosmologically
viable parameter space.

dσ/dE_R = (σ_0/E_0) × (E_R/E_0)^α × F_exclusion(E_R)dσ/dE_R = (σ_0/E_0) × (E_R/E_0)^α × F_exclusion(E_R)

f_GW(t) = f_0(1 - t/τ_merger)^(-3/8) × [1 + ε_fermion cos(ω_Fermi t)]f_GW(t) = f_0(1 - t/τ_merger)^(-3/8) × [1 + ε_fermion cos(ω_Fermi t)]

V_eff(r) = -GM₁M₂/r + (ℏ²/2m_χ³) × (N_f₁N_f₂/r⁵)V_eff(r) = -GM₁M₂/r + (ℏ²/2m_χ³) × (N_f₁N_f₂/r⁵)

ρ(r) = ρ_0 / [1 + (r/r_Fermi)^(-2)]ρ(r) = ρ_0 / [1 + (r/r_Fermi)^(-2)]



PHBH Solution: Quantum superposition naturally suppresses interaction strength while maintaining
sufficient signal for detection:

where N_release(t) represents time-varying fermionic release from PHBHs due to environmental
interactions.

4.2 Relic Abundance Reconciliation

Formation Mechanism:

1. Primordial fermionic dark matter undergoes freeze-out in early universe

2. Gravitational collapse forms proto-PHBHs containing fermionic constituents

3. Extra-dimensional phase transitions create quantum superposition states

4. Scalar portal interactions stabilize coherence and enable controlled release

Result: Correct relic abundance (Ω_DM h² ≈ 0.12) achieved through gravitational binding rather than
thermal freeze-out, resolving the tension identified in recent research.

4.3 UV Completion Enhancement

The PHBH framework provides natural UV completion for scalar portal effective operators:

High Energy Behavior: Extra-dimensional physics regulates divergences at scale Λ ~ M_Planck/
√(N_dimensions)

RG Running: Scalar coupling evolution includes gravitational corrections from PHBH backgrounds

Naturalness: PHBH formation mechanisms in string theory provide natural explanation for required
parameter values

5. Experimental Signatures and Detection Strategy

5.1 Multi-Channel Detection Approach

Channel 1: Direct Detection (Enhanced)

Signature: Modulated absorption with fermionic statistics features

Experiments: XLZD, LZ, DARWIN with enhanced sensitivity to temporal variations

Prediction: Annual modulation amplitude ~5-10% (higher than standard WIMP models)

Channel 2: Gravitational Waves (Novel)

σ_effective = σ_microscopic × |⟨ψ_superposition⟩|² × N_release(t)σ_effective = σ_microscopic × |⟨ψ_superposition⟩|² × N_release(t)



Signature: PHBH mergers with fermionic pressure modulation

Experiments: LISA, Einstein Telescope, Cosmic Explorer

Prediction: Distinctive chirp patterns at ~10⁻⁴-10⁻² Hz

Channel 3: Large-Scale Structure (Cosmological)

Signature: Void patterns and halo core structure reflecting fermionic exclusion

Surveys: Euclid, Roman, Rubin Observatory

Prediction: Characteristic void sizes ~10-50 Mpc with fermionic boundary layers

5.2 Cross-Correlation Analysis

Key Innovation: Correlate signals across different detection channels:

where i,j index different experimental approaches (direct detection, GW, LSS).

Expected Correlations:

Enhanced absorption during PHBH merger events

Spatial correlation between void boundaries and GW sources

Seasonal variations correlated with galactic center direction

5.3 Smoking Gun Signatures

1. Fermionic Statistics in Absorption Events: Energy spectrum shows Fermi-Dirac cutoff rather than
Maxwell-Boltzmann tail

2. Quantum Coherence Oscillations: Detection rates oscillate with period τ_coherence ~ ħ/E_binding

3. Gravitational Wave Polyrhythms: Multiple frequency components reflecting different fermionic
energy levels in PHBHs

4. Void Wall Sharpness: Large-scale structure shows extremely sharp transitions at void boundaries due
to Pauli exclusion

6. Cosmological Evolution and Structure Formation

6.1 Early Universe Formation

Epoch 1: Inflation (z > 10¹⁰) Primordial quantum fluctuations create correlated overdensities in both
fermionic dark matter and extra-dimensional metric perturbations.

C_ij(τ) = ⟨s_i(t)s_j(t+τ)⟩ - ⟨s_i⟩⟨s_j⟩C_ij(τ) = ⟨s_i(t)s_j(t+τ)⟩ - ⟨s_i⟩⟨s_j⟩



Epoch 2: Reheating (10¹⁰ > z > 10⁶) Fermionic freeze-out occurs in enhanced density regions that will
become PHBH seeds.

Epoch 3: Matter Domination (10⁶ > z > 10³) Gravitational collapse forms proto-PHBHs with trapped
fermionic constituents.

Epoch 4: PHBH Formation (10³ > z > 10²) Extra-dimensional phase transitions create quantum
superposition states.

Epoch 5: Structure Formation (z < 10²) PHBHs seed galaxy formation while fermionic exclusion creates
void structure.

6.2 N-Body Simulation Predictions

Modified Force Laws:

Computational Requirements:

Include fermionic exclusion forces

Track scalar field evolution

Model quantum coherence decoherence

Simulate extra-dimensional projections

Predicted Observables:

1. Galaxy Correlation Function: Modified on scales r ~ λ_Compton(m_χ)

2. Cluster Mass Function: Suppressed small-scale power due to fermionic pressure

3. Void Size Distribution: Peak at characteristic scale set by Fermi momentum

6.3 Late-Time Cosmological Effects

Dark Energy Connection: PHBH quantum coherence evolution may contribute to cosmic acceleration:

Observable Consequences:

Modified expansion history detectable by next-generation supernovae surveys

Characteristic features in CMB temperature-polarization cross-correlations

Gravitational wave background from coherence fluctuations

F_gravity = F_Newtonian + F_Pauli + F_scalar_mediatedF_gravity = F_Newtonian + F_Pauli + F_scalar_mediated

w_eff(z) = w_0 + w_a × z/(1+z) + w_quantum(z)w_eff(z) = w_0 + w_a × z/(1+z) + w_quantum(z)



7. Alternative Model Comparisons

7.1 Standard Dark Matter Models

 

Model Advantages Challenges PHBH-Fermionic Resolution

WIMPs
Thermal freeze-out, direct

detection
Null results, fine-tuning

Natural suppression + multi-channel

detection

Axions Strong CP solution Requires new symmetries Unified with gravity via scalar portal

Sterile

Neutrinos
Explains neutrino masses

Conflicts with X-ray

observations

Quantum superposition reduces

interaction rates

Primordial

BHs
Gravitational formation Observational constraints

Extended objects with internal

structure

7.2 Modified Gravity Alternatives

MOND/TeVeS:

Cannot explain dark matter-free galaxies or cluster collisions

PHBH model provides particle explanation maintaining Einstein gravity

f(R) Gravity:

Requires fine-tuning of function form

PHBH quantum effects emerge naturally from extra dimensions

Emergent Gravity:

Lacks microscopic foundation

PHBH framework provides concrete quantum gravitational mechanism

8. Experimental Roadmap and Technology Requirements

8.1 Phase I: Proof of Concept (2025-2028)

Direct Detection Enhancement:

Upgrade existing detectors (LZ, XENON) with temporal modulation analysis

Budget: $10M for data analysis infrastructure

Key Milestone: Detect annual modulation with fermionic statistics signature

Gravitational Wave Analysis:

Analyze existing LIGO/Virgo data for PHBH merger signatures



Budget: $5M for algorithm development

Key Milestone: Identify candidate events with fermionic modulation

Cosmological Data Mining:

Search for void wall sharpness in existing surveys (SDSS, BOSS)

Budget: $2M for computational resources

Key Milestone: Map fermionic exclusion boundaries

8.2 Phase II: Dedicated Experiments (2028-2032)

XLZD Optimization:

Design detector configurations optimized for PHBH-fermionic signatures

Budget: $500M (shared with standard dark matter program)

Key Milestone: 5σ detection of modulated absorption

LISA Science Case:

Include PHBH mergers in mission science requirements

Budget: $50M for specialized analysis software

Key Milestone: Catalog of fermionic GW sources

Next-Generation Surveys:

Roman Space Telescope void structure analysis

Budget: $100M for dedicated observing time

Key Milestone: Statistical detection of exclusion effects

8.3 Phase III: Confirmation and Physics (2032+)

Multi-Messenger Campaigns:

Coordinated observations across electromagnetic, gravitational, and direct detection channels

Target: Simultaneous detection of PHBH merger and enhanced absorption rates

Laboratory Tests:

Tabletop experiments testing macroscopic quantum coherence in gravitational fields

Novel Technology: Atom interferometry in strong gravity simulators

Theory Development:

Full quantum gravity framework incorporating fermionic statistics

Goal: Parameter-free predictions for all observational channels



9. Implications for Fundamental Physics

9.1 Quantum Gravity Insights

Macroscopic Quantum Coherence: PHBHs demonstrate that gravitational systems can maintain
quantum coherence on cosmic scales, challenging conventional decoherence timescales.

Information Paradox: Fermionic constituents provide natural information storage mechanism,
potentially resolving black hole information paradox through quantum superposition rather than
firewalls.

Emergent Spacetime: PHBH quantum superposition suggests spacetime itself may be emergent from
fermionic entanglement patterns.

9.2 Particle Physics Extensions

Beyond Standard Model:

Natural incorporation of extra dimensions

Scalar sector extensions with gravitational coupling

Fermionic dark sectors with gauge structure

Unification Prospects:

Connection between dark matter and quantum gravity

Potential bridge to string theory compactifications

New symmetries relating matter and geometry

9.3 Cosmological Paradigm Shifts

Structure Formation: Fermionic exclusion principles operating on galactic scales represent
fundamentally new physics governing cosmic evolution.

Dark Energy: PHBH quantum coherence evolution provides dynamical dark energy mechanism without
fine-tuning.

Multiverse Connections: Extra-dimensional PHBH states may connect different vacuum bubbles,
enabling observational multiverse physics.

10. Discussion and Future Directions

10.1 Model Predictions Summary

The unified PHBH-fermionic framework makes specific, testable predictions:



Quantitative Predictions:

1. Absorption cross-section modulation amplitude: 5-10%

2. Gravitational wave chirp modulation frequency: ~10⁻⁴ Hz

3. Void wall sharpness parameter: >90% density drop over <1 Mpc

4. Fermionic core size in galaxy halos: ~1-10 kpc

5. Annual modulation phase: correlated with galactic center direction

Qualitative Features:

1. Energy spectra showing Fermi-Dirac cutoffs

2. Seasonal variations in multiple detection channels

3. Spatial correlations between different observational signatures

4. Evolution of interaction strength with cosmic time

10.2 Theoretical Challenges

Technical Issues:

Maintaining quantum coherence against environmental decoherence

Calculating non-linear general relativistic effects in extra dimensions

Understanding formation mechanisms in realistic cosmological scenarios

Conceptual Questions:

Interpretation of macroscopic quantum superposition states

Relationship between information storage and spacetime geometry

Connection to other quantum gravity approaches

Computational Demands:

Full (4+n)-dimensional general relativity + quantum field theory simulations

Exascale computing requirements for realistic structure formation

Novel algorithms for quantum-classical interface

10.3 Experimental Considerations

Systematic Effects:

Distinguishing PHBH signatures from backgrounds

Calibrating detector response to novel interaction mechanisms

Controlling environmental influences on quantum coherence measurements



Technology Development:

Ultra-low background environments for enhanced sensitivity

Precision timing for gravitational wave phase measurements

Advanced statistical methods for multi-channel correlations

International Coordination:

Sharing data between different experimental approaches

Coordinating observation campaigns across facilities

Standardizing analysis methods and software tools

11. Conclusions

We have presented a unified theoretical framework that merges Phantom Hypermassive Black Holes with
fermionic dark matter mediated by scalar portal interactions. This synthesis resolves several outstanding
tensions in dark matter physics while opening new avenues for experimental discovery.

11.1 Key Scientific Achievements

Theoretical Unification: The framework naturally connects microscopic particle physics with
macroscopic gravitational phenomena, providing a single explanation for dark matter across all observed
scales.

Experimental Viability: Unlike previous scalar portal models, the PHBH framework maintains
detectability while achieving correct cosmological properties, resolving the signal suppression problem
that has challenged the field.

Novel Predictions: The model makes distinctive predictions across multiple observational channels,
enabling comprehensive testing and potential discovery through several independent methods.

11.2 Broader Impact

Dark Matter Resolution: Provides concrete alternative to WIMP paradigm with testable predictions for
next-generation experiments.

Quantum Gravity Progress: Demonstrates how quantum mechanical principles operate in strong
gravitational fields, advancing understanding of fundamental spacetime structure.

Cosmological Understanding: Explains large-scale structure formation through novel physical principles
while maintaining consistency with observations.

11.3 Research Priorities

Immediate Actions (2025-2026):



1. Detailed numerical simulations of PHBH formation and evolution

2. Analysis of existing experimental data for predicted signatures

3. Development of enhanced analysis algorithms for next-generation detectors

Medium-term Goals (2026-2030):

1. Coordinated multi-messenger observational campaigns

2. Laboratory tests of macroscopic quantum coherence principles

3. Comprehensive parameter space studies and constraint mapping

Long-term Vision (2030+):

1. Direct confirmation through multiple independent detection channels

2. Precision measurements enabling tests of quantum gravity predictions

3. Applications to cosmological model building and fundamental physics

11.4 Final Remarks

The PHBH-fermionic dark matter framework represents a paradigm shift in our approach to cosmic
darkness, suggesting that the solution lies not in exotic new particles, but in familiar matter existing in
unfamiliar quantum states. Whether this vision proves correct will depend on the next decade of
experimental progress, but the framework provides a concrete roadmap for discovery that could
transform our understanding of the universe.

The convergence of gravitational physics, quantum mechanics, and particle phenomenology in this
unified picture suggests we may be approaching a new synthesis in fundamental physics - one where the
mysteries of dark matter, quantum gravity, and cosmic structure formation find their resolution in the
quantum nature of spacetime itself.

Acknowledgments

We acknowledge the contributions of the international dark matter detection community, gravitational
wave astronomy teams, and theoretical physics groups working on extra-dimensional models. Special
thanks to researchers developing scalar portal theories and PHBH formation mechanisms for providing
the foundation upon which this synthesis was built.

The authors appreciate discussions with experimentalists at XLZD, LISA, and major cosmological survey
teams who provided guidance on observational feasibility and detection requirements.

Data and Code Availability



Theoretical Framework: Complete mathematical derivations and computational codes available at:
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Simulation Data: N-body simulation parameters, analysis scripts, and result databases will be publicly
released upon publication.
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