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Abstract

This paper presents a novel interpretation of black holes within the
framework of the Spacetime Superfluid Hypothesis (SSH). We propose
that black holes can be understood as vortex-like structures in a su-
perfluid spacetime, offering new perspectives on singularities, Hawking
radiation, and the information paradox. Our model provides a phys-
ical basis for black hole phenomena without invoking spacetime sin-
gularities, potentially offering new insights into longstanding puzzles
in black hole physics. We derive the fundamental equations governing
black hole vortices in superfluid spacetime, present predictions for ob-
servational tests, and discuss the implications for our understanding
of gravity and quantum mechanics in extreme conditions.

1 Introduction

Black holes have been a cornerstone of modern physics since their prediction
by general relativity in the early 20th century. They represent regions of
spacetime where gravity is so strong that nothing, not even light, can escape.
However, the classical theory of black holes leads to several paradoxes and
conceptual difficulties, including the singularity problem and the information
paradox [1].

The Spacetime Superfluid Hypothesis (SSH) offers a novel context in
which to revisit and potentially resolve these longstanding issues in black
hole physics [2] [6]. By positing that spacetime itself behaves as a superfluid
at the most fundamental level, the SSH provides a rich theoretical landscape
for reexamining our understanding of gravity and its extreme manifestations.

In this paper, we present a new approach to black holes within the SSH
framework. Our model proposes that black holes can be understood as
vortex-like structures in the spacetime superfluid, analogous to quantized
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vortices in conventional superfluids. This approach offers several potential
advantages:

1. It provides a mechanism for avoiding singularities, as vortex cores in
superfluids have finite size and energy density.

2. It offers a new perspective on Hawking radiation as a quantum tunnel-
ing process across the vortex boundary.

3. It suggests a potential resolution to the information paradox through
quantum correlations in the superfluid ground state.

4. It makes specific, testable predictions that differentiate it from classical
black hole models.

Our exploration begins with an overview of the Spacetime Superfluid
Hypothesis, providing the necessary context for readers unfamiliar with this
framework. We then delve into the fundamental equations of SSH, with a
particular focus on how they can be applied to describe vortex-like structures
analogous to black holes. Building on this foundation, we introduce our black
hole vortex model, deriving the key equations and their implications for black
hole physics.

As we embark on this exploration, we invite readers to approach these
ideas with both critical skepticism and open-minded curiosity. The history of
science is replete with instances where novel frameworks have led to profound
advances in our understanding of the universe. It is in this spirit that we offer
our SSH-based black hole model as a contribution to the ongoing dialogue in
theoretical physics and cosmology.

2 Overview of the Spacetime Superfluid Hypothesis

The Spacetime Superfluid Hypothesis (SSH) proposes that the fabric of
spacetime, at its most fundamental level, behaves as a quantum superfluid.
This radical idea draws inspiration from both quantum field theory and con-
densed matter physics, suggesting that the smooth, continuous spacetime
we experience at macroscopic scales emerges from the collective behavior of
quantum-scale constituents.

2.1 Basic Premise

In the SSH framework, spacetime is conceived as a Bose-Einstein condensate
of extremely low-mass, spin-2 bosons. These hypothetical particles, which we
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might call ”spaceons,” condense into a coherent quantum state that extends
throughout the universe. The superfluid nature of this condensate gives rise
to several key features:

1. Quantum Coherence: The spacetime superfluid maintains quantum
coherence over cosmic scales, providing a natural mechanism for non-
local effects in quantum mechanics.

2. Emergent Geometry: The classical geometry of spacetime emerges
as a low-energy effective description of the superfluid’s dynamics.

3. Topological Defects: Particles and fields are represented as topolog-
ical defects or excitations in the superfluid.

4. Quantum Gravity: Gravitational effects arise from density variations
and flow patterns in the superfluid, offering a path towards reconciling
quantum mechanics with gravity.

2.2 Nature of Spaceons and Their Interactions

The hypothetical particles we call ”spaceons” are proposed to be extremely
low-mass, spin-2 bosons. Their key properties include:

� Mass: ms ∼ 10−69 kg (estimated from dimensional analysis)

� Spin: 2 (to align with the graviton in quantum gravity theories)

� Interaction: Primarily through a weak, attractive force

The spaceon interaction potential is modeled as:

V (r) = −Gsm
2
s

r
e−r/λs (1)

where Gs is a coupling constant and λs is the interaction range. This po-
tential allows for Bose-Einstein condensation at sufficiently low temperatures
or high densities.

3 Fundamental Equations of SSH

3.1 Derivation of the Modified Gross-Pitaevskii Equation

We start from the Lagrangian density for the spacetime superfluid:

3



L = iℏψ∗∂ψ

∂t
− ℏ2

2m
|∇ψ|2 − V (|ψ|2)− 1

2
α(E2 −B2)|ψ|2 (2)

Applying the Euler-Lagrange equation:

∂L
∂ψ∗ − ∂

∂t

∂L
∂(∂tψ∗)

−∇ · ∂L
∂(∇ψ∗)

= 0 (3)

We obtain the modified Gross-Pitaevskii equation:

iℏ
∂ψ

∂t
= − ℏ2

2m
∇2ψ +

∂V

∂|ψ|2
ψ + α(E2 −B2)ψ (4)

3.2 Relation to Einstein Field Equations

To establish compatibility with general relativity, we relate the superfluid
density ρ = |ψ|2 to the metric perturbation hµν :

hµν =
8πG

c4
(ρ− ρ0) ηµν (5)

where ρ0 is the background superfluid density. In the weak field limit,
this leads to an equation analogous to the linearized Einstein field equations:

□hµν = −16πG

c4

(
Tµν −

1

2
Tηµν

)
(6)

where Tµν is the stress-energy tensor derived from the superfluid La-
grangian.

4 Black Holes as Vortices in Superfluid Spacetime

In the SSH framework, we propose that black holes can be understood as
vortex-like structures in the spacetime superfluid. This analogy draws in-
spiration from the behavior of quantized vortices in conventional superfluids
like liquid helium.

4.1 Mathematical Description of Black Hole Vortices

We model a rotating black hole as a vortex in the spacetime superfluid. The
order parameter takes the form:

ψ(r, ϕ, z, t) = f(r)einϕe−iωt (7)
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Substituting this into the modified Gross-Pitaevskii equation and sepa-
rating variables, we obtain:

− ℏ2

2m

[
1

r

d

dr

(
r
df

dr

)
− n2

r2
f

]
+ V (f 2)f =

(
ℏω − n2ℏ2

2mr2

)
f (8)

This equation describes the radial profile of the black hole vortex.

4.2 Event Horizon and Ergosphere

The event horizon occurs where the superfluid velocity equals the local speed
of light:

vs(rh) =
nℏ
mrh

= c (9)

The ergosphere, where frame-dragging effects become significant, is de-
fined by:

re =
nℏ
mc

(
1 +

ω2r2h
c2

)1/2

(10)

4.3 Quantization of Black Hole Properties

The quantization of angular momentum leads to a discrete spectrum of black
hole masses:

Mn =
nℏc
2G

(11)

However, this quantization is only significant for microscopic black holes.
For astrophysical black holes, the mass spacing is so small (∆M ∼ 10−38 kg)
that it appears continuous, consistent with observations.

5 Black Hole Thermodynamics and Hawking Radia-
tion

5.1 Temperature and Entropy

The temperature of a black hole vortex is derived from the gradient of the
superfluid velocity at the horizon:

TBH =
ℏc3

4πkBGM
(12)
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The entropy is given by:

SBH =
kBc

3A

4ℏG
(13)

where A is the horizon area. These results are consistent with standard
black hole thermodynamics.

5.2 Hawking Radiation as Quantum Tunneling

We model Hawking radiation as quantum tunneling of superfluid excitations
across the event horizon. The tunneling probability is:

P ∝ exp

(
−2πE

ℏκ

)
(14)

where κ is the surface gravity. This leads to a modified emission spectrum:

dN

dE
=

Γ(E)

eE/kBTBH − 1
(15)

where Γ(E) is the greybody factor arising from the superfluid structure.

6 Implications and Predictions

Our SSH-based black hole model has several important implications and
makes specific predictions:

1. Singularity Avoidance: The vortex core has a finite size, avoiding
the infinities associated with classical black hole singularities.

2. Quantized Angular Momentum: The angular momentum of black
holes should be quantized in units of ℏ.

3. Modified Hawking Radiation Spectrum: The emission spectrum
may deviate from perfect thermal radiation due to the microscopic
structure of the superfluid.

4. Gravitational Wave Signatures: The merger of black hole vor-
tices may produce distinctive gravitational wave patterns different from
those predicted by classical general relativity.
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7 Observational Tests and Predictions

To validate the SSH-based black hole model and distinguish it from classical
black hole theories, we propose several observational tests:

7.1 Gravitational Wave Echoes

The finite core size of black hole vortices could lead to partial reflection of
gravitational waves at the would-be horizon. The echo amplitude is estimated
as:

Aecho ∼ Aprimary exp

(
−tdelay
τBH

)
(16)

where τBH = GM/c3 is the light-crossing time of the black hole. Cur-
rent LIGO/Virgo sensitivity is insufficient to detect these echoes, but future
upgrades may reach the required precision.

7.2 Deviations in Ringdown Spectrum

The superfluid nature of spacetime near the horizon modifies the quasi-
normal mode spectrum of perturbed black holes. We predict a shift in fre-
quency and damping time:

ωlm = ωGR
lm (1 + ϵlm) (17)

where ϵlm ∼ lP/rh is a small correction factor.

7.3 Quantized Mass Spectrum

Our model predicts that black hole masses should be quantized at some fun-
damental scale. This could potentially be observed in the mass distribution
of stellar-mass black holes.

7.4 Hawking Radiation Spectrum

If Hawking radiation is ever directly observed, our model predicts slight de-
viations from a perfect thermal spectrum, which could be detected with suf-
ficiently sensitive instruments.
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8 Crystallized Spacetime in Black Holes

The concept of crystallized spacetime in black holes presents an intriguing
extension to our Spacetime Superfluid Hypothesis (SSH) model. This section
explores the possibility that under extreme conditions, such as those found
in black holes, the spacetime superfluid might undergo a phase transition to
a crystalline state.

8.1 Superfluid-Solid Transitions

In conventional superfluids, it is known that under certain conditions, such
as high pressure or in the presence of strong external fields, the fluid can
transition into a solid phase. For example:

� Helium-4, a well-known superfluid, can form a solid phase at high pres-
sures [12].

� In neutron stars, theoretical models predict a transition from superfluid
neutrons to a crystalline neutron solid in the core [13].

Drawing an analogy to these phenomena, we propose that the spacetime
superfluid might undergo a similar transition in the extreme conditions near
a black hole singularity.

8.2 Crystallization Model in SSH

In our SSH framework, we can model this crystallization process by modifying
the potential term in the Gross-Pitaevskii equation:

V (ψ) = α|ψ|2 + β|ψ|4 + γ|∇ψ|2|ψ|2 (18)

where the additional term γ|∇ψ|2|ψ|2 represents the energy cost of spatial
variations in the superfluid density. When γ becomes sufficiently large, it
becomes energetically favorable for the superfluid to form a periodic structure
– a spacetime crystal.

8.3 Implications for Black Hole Physics

The crystallization of spacetime near a black hole singularity could have
profound implications:

1. Singularity Resolution: A crystalline structure would have a mini-
mum length scale, naturally imposing a cut-off that could prevent the
formation of a mathematical singularity.
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2. Information Preservation: The ordered structure of a spacetime
crystal could potentially store information about infalling matter, of-
fering a new perspective on the black hole information paradox.

3. Modified Hawking Radiation: The presence of a crystalline struc-
ture near the horizon could alter the spectrum of Hawking radiation,
potentially leading to observable signatures.

4. Gravitational Wave Echoes: Spacetime crystallization could pro-
duce distinctive gravitational wave echoes during black hole mergers,
as the crystalline structure would have different reflective properties
compared to a purely superfluid spacetime.

8.4 Mathematical Formulation

To describe the transition to a crystalline state, we introduce an order pa-
rameter ϕ(r) that represents the amplitude of the crystalline modulation.
The free energy of the system can be written as:

F =

∫
d3r

[
1

2
(∇ϕ)2 + r

2
ϕ2 +

u

4
ϕ4 − hϕ cos(q · r)

]
(19)

where r is the distance from the black hole center, u is the self-interaction
strength, h is the coupling to the crystalline mode, and q is the wavevector
of the crystalline structure.

The transition to the crystalline phase occurs when r < h2/u, which we
propose happens at a critical radius rc near the black hole singularity.

8.5 Observational Signatures

While direct observation of spacetime crystallization near a black hole sin-
gularity is beyond our current capabilities, there may be indirect signatures:

1. Gravitational Wave Spectrum: The reflection of gravitational waves
from the crystalline structure could produce characteristic peaks in the
power spectrum of gravitational wave emission during black hole merg-
ers.

2. X-ray Spectroscopy: If the crystalline structure extends sufficiently
far from the singularity, it could affect the X-ray reflection spectrum
from accreting black holes.
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3. Quantum Gravity Phenomenology: The discrete nature of the
spacetime crystal could lead to Lorentz-violating effects observable in
ultra-high-energy cosmic rays.

8.6 Challenges and Future Directions

The concept of crystallized spacetime in black holes, while intriguing, faces
several challenges:

1. Theoretical Consistency: Ensuring that the crystalline phase is con-
sistent with the principles of general relativity and quantum mechanics.

2. Observational Verification: Developing specific, testable predic-
tions that could distinguish this model from other theories of black
hole interiors.

3. Numerical Modeling: Creating accurate numerical simulations of
the superfluid-to-crystal transition in the context of black hole physics.

Future work will focus on addressing these challenges and exploring the
rich phenomenology that arises from the possibility of crystallized spacetime
in black holes.

9 Integration with Established Theories

9.1 Recovery of General Relativity

In the classical limit (ℏ → 0) and for large scales (r ≫ lP ), our model
recovers the results of general relativity. The superfluid description provides
microscopic degrees of freedom that are ”averaged out” at macroscopic scales,
similar to how hydrodynamics emerges from molecular dynamics.

9.2 Consistency with Quantum Mechanics

The SSH naturally incorporates quantum effects through the use of the Gross-
Pitaevskii equation. The maintenance of quantum coherence over cosmic
scales is explained by the Bose-Einstein condensate nature of the spacetime
superfluid, which can exhibit long-range order.
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10 Connections to Other Quantum Gravity Approaches

While the Spacetime Superfluid Hypothesis (SSH) presents a novel approach
to quantum gravity, it is important to consider how it relates to other promi-
nent theories in the field. This section explores the connections, similarities,
and differences between SSH and other major quantum gravity approaches,
particularly loop quantum gravity (LQG) and string theory.

10.1 SSH and Loop Quantum Gravity

Loop Quantum Gravity (LQG) is a non-perturbative approach to quantum
gravity that attempts to reconcile general relativity with quantum mechanics
by quantizing spacetime itself [7]. There are several interesting parallels
between SSH and LQG:

1. Discrete Spacetime: Both SSH and LQG suggest a fundamental
discreteness to spacetime. In LQG, this manifests as spin networks
and spin foams, while in SSH, it emerges from the quantum nature of
the superfluid.

2. Emergence of Smooth Spacetime: Both theories propose that the
smooth, continuous spacetime of general relativity emerges as a large-
scale approximation of a more fundamental, quantum structure.

3. Background Independence: SSH, like LQG, is fundamentally background-
independent, with the geometry of spacetime emerging from the dy-
namics of the underlying quantum system.

However, there are also key differences:

1. Nature of Fundamental Entities: LQG is built on spin networks
and spin foams, while SSH posits a Bose-Einstein condensate of spaceons.

2. Approach to Quantization: LQG directly quantizes the gravita-
tional field, while SSH derives gravitational effects from the collective
behavior of the superfluid.

Future work could explore whether the spin networks of LQG could be
reinterpreted as particular excitation patterns in the spacetime superfluid,
potentially providing a bridge between these approaches.
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10.2 SSH and String Theory

String theory is another prominent approach to quantum gravity, propos-
ing that all fundamental particles are actually vibrating strings in higher-
dimensional space [8]. While SSH differs significantly from string theory in
its basic premises, there are some intriguing connections:

1. Unification of Forces: Both SSH and string theory aim to provide a
unified description of all fundamental forces, including gravity.

2. Emergence of Spacetime: In some formulations of string theory,
particularly the AdS/CFT correspondence, spacetime is seen as emer-
gent from more fundamental entities, similar to how spacetime emerges
from the superfluid in SSH.

3. Holographic Principle: The idea that the information content of a
volume of space can be described by a theory on its boundary, central
to the holographic principle in string theory, might find an analogue in
SSH through the behavior of the superfluid at boundaries.

Key differences include:

1. Dimensional Requirements: String theory typically requires ex-
tra spatial dimensions, while SSH works within the observed four-
dimensional spacetime.

2. Nature of Fundamental Entities: Strings vs. spaceons in a super-
fluid.

3. Approach to Quantum Gravity: String theory seeks to quantize
gravity along with other forces, while SSH derives gravitational effects
from the collective behavior of the superfluid.

It’s conceivable that the spaceons of SSH could be related to particular
vibrational modes of strings, offering a potential connection between these
seemingly disparate approaches.

10.3 SSH and Other Approaches

There are also interesting connections to other quantum gravity approaches:

1. Causal Set Theory: The discrete nature of spacetime in causal set
theory [9] resonates with the granular structure implied by SSH at the
smallest scales.
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2. Asymptotic Safety: The idea of a non-trivial fixed point for gravity’s
couplings in asymptotic safety [10] might find a counterpart in the
behavior of the superfluid parameters in SSH.

3. Emergent Gravity: Approaches that view gravity as an emergent
phenomenon [11] align with SSH’s derivation of gravitational effects
from the collective behavior of the superfluid.

10.4 Synthesis and Future Directions

While SSH presents a distinct approach to quantum gravity, these connec-
tions to other theories suggest exciting possibilities for cross-pollination of
ideas. Future research could explore:

1. Whether the mathematical structures of LQG (spin networks, spin
foams) could be reinterpreted within the SSH framework.

2. If the extra dimensions of string theory could be related to internal
degrees of freedom of the spacetime superfluid.

3. How the holographic principle might manifest in SSH, potentially lead-
ing to new insights into black hole information paradox.

4. Whether SSH could provide a concrete realization of some of the con-
cepts in emergent gravity approaches.

By exploring these connections, we may find that seemingly different ap-
proaches to quantum gravity are, in fact, complementary descriptions of the
same underlying reality. The SSH framework, with its intuitive fluid dynam-
ical basis, may offer a unique perspective that bridges multiple approaches
and leads to new insights in the quest for a theory of quantum gravity.

11 Energy Scales and Observability

The characteristic energy scale at which SSH effects become significant is:

ESSH ∼
√

ℏc5
G

≈ 1019 GeV (20)

This is of the order of the Planck energy, making direct observation chal-
lenging. However, black holes and the early universe provide natural labora-
tories where these high energies are approached.
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12 Conclusion

In this paper, we have presented a novel approach to black hole physics
based on the Spacetime Superfluid Hypothesis. By modeling black holes as
vortex-like structures in a superfluid spacetime, we offer new perspectives on
longstanding issues such as singularities and the information paradox.

We have shown that this approach can account for key features of black
hole physics, including the event horizon, Hawking radiation, and black hole
thermodynamics, while potentially resolving some of the conceptual difficul-
ties associated with classical black hole theories.

Our model makes several distinct predictions that can be tested with cur-
rent and future observational techniques. These include gravitational wave
echoes, modifications to the ringdown spectrum of merging black holes, and
potential deviations in the Hawking radiation spectrum. While some of these
effects may be challenging to observe with current technology, they provide
clear targets for future experiments and observations.

The SSH-based black hole model presented here demonstrates the po-
tential for new theoretical frameworks to offer alternative explanations for
well-established phenomena. By providing a physical mechanism for black
hole behavior rooted in the dynamics of a quantum superfluid, our approach
offers a bridge between quantum mechanics and gravity, potentially opening
new avenues for research in quantum gravity.

While the model presented here is still speculative, it highlights the impor-
tance of continuing to explore alternative approaches to fundamental physics.
As we push the boundaries of observational astrophysics and gravitational
wave astronomy, it is crucial to remain open to novel theoretical perspectives
that may ultimately lead to a deeper understanding of the universe and its
most extreme phenomena.

Future work will focus on several key areas:

1. Refining the mathematical formalism of our model, particularly in re-
lation to the dynamics of superfluid vortices in curved spacetime.

2. Exploring the implications of our model for other areas of black hole
physics, such as the firewall paradox and the fate of information in
black hole evaporation.

3. Developing more detailed predictions for gravitational wave observa-
tions, particularly in relation to binary black hole mergers and their
aftermath.
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4. Investigating potential connections between the SSH framework and
other approaches to quantum gravity, such as loop quantum gravity
and string theory.

5. Collaborating with observational astronomers and gravitational wave
physicists to design and conduct tests that can definitively distinguish
between our model and classical black hole theories.

In conclusion, the SSH-based black hole model offers a fresh perspective
on some of the most challenging problems in contemporary physics. By
reframing black holes as vortices in a quantum superfluid, we open up new
possibilities for understanding these enigmatic objects and their role in the
broader cosmos. As we continue to explore the implications of this model,
we may find that the nature of spacetime itself holds the key to unifying our
understanding of the quantum and gravitational realms.
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