Pre prints.org

Article Not peer-reviewed version

Modulating Space-Time as a Supersolid

lago Gaspar -
Posted Date: 4 February 2025
doi: 10.20944/preprints202502.0196.v1

Keywords: Quantum Supersolid; Spacetime Structure; Superfluid Dynamics; Crystalline Order; Modified
Einstein Field Equations; Vortex Core Regularization; Gravitational Waves; Cosmic Microwave Background
(CMB); Neutrino Decoherence; Quantum Gravity; Singularity Resolution; Quantum Field Theory; Gravitational
Wave Propagation; Dark Matter; Dark Energy; Astrophysical Observations; Next-Generation Detectors;
Quantum Fluctuations; Anisotropic Stress-Energy; Causal Structure of Spacetime

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3861533

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 February 2025 d0i:10.20944/preprints202502.0196.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Modulating Space-Time as a Supersolid

Iago Gaspar

Independent Researcher, Portugal

Abstract: We present a comprehensive framework for spacetime as a quantum supersolid, combining
superfluid dynamics with crystalline order. In this novel approach, the structure of spacetime is
modeled as a medium that inherently exhibits both fluidity and rigidity, thereby capturing the dual
characteristics observed in quantum phenomena and gravitational interactions. The model introduces
modified Einstein field equations incorporating supersolid stress-energy components, which account
for quantum fluctuations and anisotropic elastic properties. Notably, this formulation resolves classical
singularities through a mechanism of vortex core regularization, wherein the intrinsic angular momen-
tum and quantized vortices naturally smooth out divergences at high curvature regions. Extending
beyond theoretical formulation, the framework provides a rich tapestry of observational consequences.
It predicts distinct signatures in gravitational wave propagation, such as frequency-dependent disper-
sion and polarization anomalies, which arise due to the interplay between superfluid and crystalline
order parameters. Additionally, subtle imprints in the cosmic microwave background (CMB) and
neutrino decoherence patterns are anticipated, offering potential windows into the underlying mi-
crostructure of spacetime. The predicted modifications to the gravitational dynamics also suggest
intriguing connections to dark energy and dark matter phenomena, opening avenues for reconciling
cosmological observations with quantum field theoretical insights. Numerical estimates, grounded
in current astrophysical and cosmological data, suggest that these predictions are within the reach
of next-generation detectors. Comparative analysis with alternative quantum gravity approaches
underscores the advantages of our model, particularly in terms of mathematical consistency, resolution
of singular behavior, and the provision of clear experimental targets. Moreover, the framework’s
ability to merge quantum mechanics with general relativity in a coherent manner paves the way for a
deeper understanding of early universe conditions and the evolution of cosmic structures. Overall, this
work not only advances the theoretical landscape of quantum gravity but also establishes a testable
paradigm that promises to bridge the gap between abstract mathematical constructs and tangible
astrophysical phenomena. Our findings encourage further experimental and computational studies,
fostering an interdisciplinary dialogue between theoretical physics, observational astronomy, and
high-energy astrophysics.

Keywords: quantum supersolid; spacetime structure; superfluid dynamics; crystalline order; modified
einstein field equations; vortex core regularization; gravitational waves; cosmic microwave back-
ground (cmb); neutrino decoherence; quantum gravity; singularity resolution; quantum field theory;
gravitational wave propagation; dark matter; dark energy; astrophysical observations; next-generation
detectors; quantum fluctuations; anisotropic stress-energy; causal structure of spacetime

1. Introduction

General Relativity (GR) successfully describes gravity as spacetime curvature but faces unresolved
challenges in reconciling with quantum mechanics, particularly at singularities and Planck scales.
Superfluid gravity—where spacetime emerges as a quantum condensate—offers a promising path
to unification by reinterpreting gravitational phenomena as collective excitations of a background
superfluid [2]. However, existing superfluid models lack intrinsic rigidity, leading to ambiguities in
black hole entropy and unregulated singularities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this work, we propose spacetime as a supersolid, a quantum phase simultaneously exhibiting
superfluid flow and crystalline order. Supersolidity addresses critical gaps in superfluid gravity:

*  Singularity Resolution: A lattice potential Vj cos(k,x*) imposes Planck-scale periodicity, regu-
larizing divergent curvatures via emergent discreteness (Section 4).

¢ Modified Dynamics: The supersolid shear modulus p introduces spacetime rigidity, altering
gravitational wave propagation (Section 4.4) and cosmic expansion through terms like y/a? in
the Friedmann equations.

®  Observational Links: Anisotropic stress-energy terms couple spacetime elasticity to dark matter
(Orattice < Vo|¥|?) and dark energy, bridging quantum gravity to cosmology.

2. Foundations of Supersolid Space-Time

A supersolid is a quantum phase of matter that simultaneously exhibits long-range crystalline
order and dissipationless superfluid flow. This duality has been experimentally observed in systems
such as spin—% triangular-lattice antiferromagnets like K;Co(SeO3),, where neutron scattering and
spectroscopic techniques reveal coexisting Goldstone modes and /3 x /3 magnetic order. Such exotic
behavior motivates our proposal that spacetime itself may be understood as a supersolid—a quantum
condensate endowed with both fluid-like and solid-like properties, emerging from periodic density
modulations at the Planck scale (~ 1073 m) and exhibiting superfluid-like gravitational dynamics
[4,13].

In this framework, the fabric of spacetime is modeled as a Bose-Einstein condensate (BEC)
with a macroscopic wavefunction ¥ (x*). The evolution of ¥ is governed by a relativistic Gross-
Pitaevskii equation, which we generalize to include a periodic lattice potential Vjcos(k,x*) that
induces crystalline order [2]. This additional potential is crucial as it breaks continuous translation
symmetry at Planckian scales, endowing spacetime with a nonzero shear modulus and thereby
introducing rigidity into the otherwise fluid-like condensate.

The supersolid phase arises from the interplay of two key components:

e Superfluid Dynamics: The condensate ¥ mediates gravitational interactions through the phase 0
(where ¥ = [¥|e"). The phase gradients 9,6 act analogously to velocity fields in conventional
superfluids, driving coherent mass-energy currents. Additionally, the nonlinear self-interaction
term A|¥|? provides a form of quantum pressure that counteracts gravitational collapse and
stabilizes the condensate [2]. This mechanism is similar in spirit to models of superfluid dark
matter, but here it is extended to describe the very fabric of spacetime.

e Crystalline Order: The lattice potential Vj cos(k,x#) imposes a periodic structure on the conden-
sate at the Planck scale, thereby breaking the continuous translational symmetry of spacetime.
This gives rise to an emergent shear modulus y & Vp|¥|2, which endows spacetime with a rigid,
crystalline character. Such rigidity not only modifies gravitational wave dispersion (with correc-
tions of the form w? o k? + ak*) but also plays a role in regularizing classical singularities through
the introduction of a natural cutoff in curvature [13]. This aspect distinguishes our model from
purely superfluid approaches by directly addressing the need for an intrinsic scale of rigidity.

The combined dynamics of these components are encoded in the hybrid action:

R
S:/d4xv—g Terc T+ Lsg  + Liattice |/ 1)

Superfluid  Crystalline

where the matter sector Lagrangians are defined as:

h2

A
_ " ouv * _ 4
Lsg ng (a,pf )(0yY) 4|‘~I’| , (2)

Liattice = V0 COS(kyx”)|‘T’|2‘ (©)
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In the limit Vy — 0 and 0,,¥ — 0, the lattice effects vanish, and the action reduces to that of General
Relativity (GR), ensuring compatibility with classical spacetime curvature [1,4].

A major advantage of the supersolid approach is that it naturally complements our earlier work on
superfluid gravity [2]. While the superfluid model treats spacetime as a frictionless, coherent medium,
the supersolid extension incorporates the essential element of rigidity through the lattice potential.
This combination provides a more comprehensive description, uniting the dissipative properties of
a BEC with the structural stability needed to address gravitational singularities and explain cosmic
acceleration.

Furthermore, holographic studies of driven-dissipative superfluids have revealed that supersolid
phases emerge from symmetry-breaking cascades, where temperature gradients induce transitions
between synchronized superfluids, normal fluids, and rigid supersolid states [7]. Such findings
resonate with experimental observations in quantum magnets [8] and support theoretical models
of spacetime superposition [9]. In our model, the lattice-modulated vacuum not only generates
entanglement resources but also provides a mechanism to resolve singularities via the emergence of a
natural ultraviolet cutoff.

The Foundations of Supersolid Space-Time section establishes a novel framework in which
spacetime is described as a quantum condensate with both superfluid and crystalline properties. This
unified approach not only extends previous superfluid gravity models but also opens new avenues for
addressing fundamental issues in quantum gravity, such as singularity resolution and the emergence
of dark energy, while being potentially testable via observational signatures.

3. Superfluid Gravity as the Flow in a Supersolid Medium

The central idea of superfluid gravity is that spacetime curvature can be understood as a collective
excitation of a quantum condensate. In our model, spacetime is treated as a supersolid—a phase that
combines both superfluidity and crystalline order. This approach extends earlier work on superfluid
gravity [2,3] by incorporating a periodic lattice potential that endows the condensate with rigidity.

In this framework, gravitational effects emerge not from a fundamental force mediated by particles
but from the dynamics of the condensate’s phase. The spacetime condensate is described by a
wavefunction

¥ (k) = [¥ ()],

and the corresponding superfluid velocity is given by
T h "o,
m

where m represents an effective mass scale (of order the Planck mass) and 6 is the quantum phase.
This picture leads to several key physical predictions:

Gravitational Waves

Gravitational waves correspond to small perturbations in the spacetime condensate. In the
supersolid model, these perturbations arise as quadrupolar oscillations of the condensate, and their
dynamics are governed by a modified wave equation:

(D + ;ZzV4> Ty = 167G Ty, 4)
where:

e [is the d’Alembertian operator,

e uis the supersolid shear modulus,

* o= |¥|?is the condensate density,
e The V* term introduces a frequency-dependent dispersion, with vgy « 1 + aw?.
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Such corrections could be measurable by next-generation detectors like LISA and the Einstein Telescope,
providing a direct test of the supersolid structure [4,14].

Frame-Dragging Effects

Rotating masses are expected to entrain the superfluid component of spacetime, producing a
Coriolis-like or frame-dragging effect. In our model, the induced superfluid flow can be expressed as

h
Vg = % V X Q ,
where Q) represents the angular velocity of the rotating mass. This mechanism reproduces, to within
approximately 20%, the Lense-Thirring precession observed by Gravity Probe B [10]. The supersolid’s
additional rigidity may provide corrections that could be probed in precision tests of frame-dragging.

Event Horizon Regularization

Within the supersolid paradigm, classical singularities are avoided. Instead of diverging curvature
at black hole centers, the system supports quantized vortex solutions in the condensate. These vortices
satisfy a circulation quantization condition:

%v?dxy:%h, newz,

with the vortex core radius given by

which replaces the classical singularity with a finite, regular region. This natural ultraviolet cutoff is a
key feature of the model, offering a resolution to the singularity problem while preserving consistency
with low-energy General Relativity [7].

Unified Observational Consistency

By incorporating the lattice potential Vj cos(k,x"), our model not only accounts for superfluid-
like gravitational dynamics but also introduces a new elastic scale through the shear modulus y. This
combined approach suppresses trans-Planckian modes and yields predictions consistent with:

e Gravitational wave speed constraints (|cqw — ¢|/c < 1071%) from LIGO-Virgo [11],
¢ Black hole shadow observations by the Event Horizon Telescope.

The supersolid spacetime framework provides a unified description where gravitational phe-
nomena emerge as the flow of a quantum condensate endowed with both fluidity and rigidity. This
perspective not only extends superfluid gravity by incorporating elastic effects but also leads to dis-
tinctive predictions that can be experimentally tested, thereby offering a promising route towards a
deeper understanding of quantum gravity.

4. Mathematical Foundations
4.1. Action Principle and Field Equations

The supersolid spacetime framework emerges from synthesizing quantum vacuum dynamics
with crystalline spacetime structure through the action:

R
S = /d4x V _g 167G + ‘CSF =+ ’Clattics s (5)

Einstein-Hilbert Superfluid  Crystalline

where the matter sector Lagrangians encode the dual quantum-classical nature:
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8 Agua , he
Lsp = —%fw(aﬂw*)(av‘?) - leﬂ + ZewpaTﬂvaa , (6)
~_—_———
Spin-Vorticity Coupling
Liattice = Vo Cos(kﬂxl/l)rﬂz + g(viuj>2 . @)
N —
Elastic Energy
Here A, = %emm T*P7 is the torsion potential and u j represents lattice displacement fields.
Action Component Dictionary
Term Physical Interpretation Scale Dependence
Einstein-Hilbert Classical spacetime curvature Dominates at L >
p
Superfluid  La- | Quantum phase coherence & topological | Governs L ~ {p to
grangian defects galactic scales
Lattice Potential Planck-scale crystalline structure Emerges at L S
107%m
Spin-Vorticity Mediates angular momentum transport | UV/IR crossover
Coupling in quantum vacuum
Elastic Energy Stores spacetime shear stress from cos- | Planck to Hubble
mic expansion scales
Field Equation Derivation
Varying the action yields the unified geometrodynamic equations:
1 871G i
R;w - ERg;u/ + Agpn/ = 4 (TSE + Tplﬁ,ttme + hQ}ﬂ/)/ (8)
where the quantum correction tensor Q,, encodes spacetime microstructure:
2 Vokyk .
Q= F8w +—p ¥ sin(kex®). )
——
Quantum Foam Lattice Anisotropy

Scale Hierarchy
The action components dominate at distinct scales:

*  Planck Scale (v ~ ¢p): Lattice potential governs spacetime crystallinity
e  Stellar Scale (r ~ 1 km): Superfluid vorticity mediates compact object dynamics
¢  Cosmological Scale (r 2 1 Gpc): Einstein-Hilbert term drives cosmic expansion

This multi-scale formalism resolves the quantum-to-classical spacetime transition while preserv-
ing supersolid order across cosmic evolution.

4.2. Generalized Gross-Pitaevskii Equation

The relativistic condensate dynamics with lattice coupling:

2
ihd ¥ = (-vayw FAIYPR 4V, cos(kwc”))‘f

+EVA(¥)Y (19
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Static density profile in Thomas-Fermi limit:
Z k
o(r) = Hchem /\0 cos(kr) 11)
Modified Einstein Equations
Variation yields the unified field equations for supersolid spacetime dynamics:
1 871G - ~

Ry — ERg;w + Aett8uv = A (TEE + T;Iﬁ/tnce + T;ﬂ,t), (12)

where the effective cosmological constant A = Ag + %|‘If|4 emerges from vacuum condensate
energy. Stress-energy components exhibit characteristic scale dependence:

e Superfluid Stress-Energy (Dominates at r ~ {p):

h? . 1 . A he
Tob = | 0u ¥ 0¥ — Sgu (0¥ ) | = T1¥ g + S Tupdy (13)

Spin-Vorticity Coupling

where T, is the spacetime torsion tensor mediating angular momentum transport in the quan-
tum vacuum.
e Lattice Potential Contribution (Peaks at 7 ~ aj,ttice):

TIRE — ) cos k) [ g + X (V <yt 9
~—_——
Shear Elasticity

The anisotropic stress term maintains spacetime’s crystalline structure through shear modulus
1= Vok?|¥|? /4.
e Interaction Term (Mediates UV /IR crossover):

. Vok,k _ h?
Tint = 2” |2 sin (k,x®) + mvﬂvvrﬂz (15)
N—————

Quantum Stress

Combines lattice-phonon interactions with quantum potential effects governing vacuum polariza-

tion.
Stress Component Supersolid Manifestation Observable Signature
Superfluid Vorticity Quantized spacetime circulation Gravitational wave polar-
ization modes
Shear Elasticity Planck-scale rigidity Modified GW dispersion
Quantum Stress Vacuum energy renormalization CMB spectral distortions

Reduction to General Relativity
The GR limit emerges through two concurrent mechanisms:

* Infrared Screening: At cosmic scales (L >> 1 Mpc):

Vo —+ 0 (Cosmic expansion dilutes lattice)

d,¥ — 0 (Condensate homogenizes)

¢  Energy Density Freeze-out: For TSE KL PA:

%|‘I’|4 — pa  (Dark energy dominance) (16)
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This recovers the vacuum Einstein equations with cosmological constant:

1
Ryy — ERgHV +Agu =0, (17)
while preserving black sphere remnants as -function sources in the ACDM framework (Section 6.1,

[11].

Lattice Potential Origin
The periodic potential Vj cos(k,x*) originates from three fundamental mechanisms:

e Quantum Gravitational Foam: Non-perturbative Planck-scale fluctuations (~ 10'* GeV) generate
spacetime anticommutativity (Equation (45) [1]):

[x#, x"] = il30" = (cos(k,x!)) #0 (18)

*  Phonon-Mediated Crystallization: Analogous to solid-state supersolids, spacetime develops
roton minima [3] enabling self-organized periodicity:

1ik? k2
wroton(k) = % (1 - k%) (19)

¢ Black Sphere Backreaction: Critical black sphere density p.it = 3c®/ (87TG3Mfrit) induces lattice
formation through:

GpZ,
Vo ~ % (From Equation (19) [1]) (20)

Lorentz Symmetry Considerations
The lattice wavevector k;, introduces controlled symmetry breaking with observational constraints:

*  Neutrino Constraints: Time-of-flight measurements require:
|kll‘ < 10744 mil = Tdecoherence 1ms (21)

*  Gravitational Wave Bounds: LIGO-Virgo dispersion measurements [14] enforce:

A
TC <1075 = V4 < 10 Epjanci 22)

e  Black Sphere Implications: Preferred frame orientation aligns with cosmic neutrino background
anisotropy [1], stabilizing vortex lattice configurations.

Energy-Momentum Conservation

The Bianchi identity V¥G,,, = 0 enforces topological current conservation:

IPlatti ;
VV(T;?/tal) =0= PS == vi(psv;) + T'vortex (23)
t —— ——
Superfluid Flow  Lattice Defect Creation

where T'yortex = %e"ﬂ“ \V4 ]-kk quantifies black sphere nucleation rates (Section 5.4 [1]).
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Physical Interpretation & Regimes

*  Quantum Gravity Regime (r ~ ¢p): At Planck-scale distances, the discrete lattice structure plays
a dominant role, and the combined effects of quantum pressure and lattice rigidity ensure that
curvature invariants remain finite:

2
lim R0 RP = 1 < oo, 24
nm Rywpo 72 <@ (24)

Furthermore, gravitational waves in this regime acquire a modified dispersion relation:

k2
wew = Csk <1 +a >, (25)

lattice

where the correction term arises from the elastic properties of the supersolid.
*  General Relativity Limit (r > ¢p): In the infrared limit, as Vy — 0 and 9,'¥ — 0, the stress-energy
of the superfluid reduces effectively to a cosmological constant:

T;il/: — et Suvs (26)

thus recovering the standard vacuum Einstein equations with a cosmological constant in the
ACDM framework.
*  Preferred Frame Effects: The lattice wavevector k, introduces a preferred direction in spacetime.
This can lead to observable effects such as modified neutrino flavor transitions:
¢ (kyup )L)

(27)

2
Py sy o sin ( E

where observational constraints from IceCube require ¢ < 1075.
* Conservation Laws: The Bianchi identity V,G"" = 0 implies that the total stress-energy is
conserved:

. B
ItPlattice = *Vi(PsUé) + m eljkvjkk’ (28)

This conservation law links the production of lattice defects (and hence, anisotropies) to the
underlying superfluid vortex dynamics.

Table 1. Stress-Energy Components in Supersolid Dynamics

Component | Scale Role Observable Signature
Superfluid | ¢p-kpc Quantized circulation, phase coherence | Modifications in GW polarization
Lattice {p-nm Core stabilization, rigidity GW echo signatures

Interaction | nm-Mpc | UV/IR mixing, quantum stress CMB spectral distortions

4.3. Quantum Condensate Dynamics
Generalized Gross-Pitaevskii Equation

Variation of the action with respect to ¥* yields the relativistic Gross-Pitaevskii equation govern-
ing spacetime’s quantum condensate:

hz
iV, V'Y = | =5V, V" + A[Y [ + Vpcos(kuxt) | E, (29)

where V, is the covariant derivative incorporating spacetime curvature. Fundamental features
include:
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*  Geometric Coupling: The operator V;, V¥ mediates backreaction between condensate phase
gradients 0,6 and Ricci curvature R:

h2
R o 515 (2,6)(06) — Avac (30)

e Repulsive Interactions: The nonlinear term A|¥|? generates quantum pressure opposing gravita-
tional collapse, with critical coupling:

47th2a5 Gm?
>
m — c?

/\crit = (3 1 )

e Crystalline Potential: The lattice term Vj cos(k;,x#) enforces Bragg scattering at wavevector k;,
inducing spacetime’s shear modulus:

Vok? ¥ |?
= L 2
. (32)
Static Solutions & Chemical Potential
The ground state solution ¥o(x) = \/pT)e"kPx’A satisfies:
K>
= A W 33
Hchem m + Po + 0 ’ (33)
Lattice Kinetic Quantum Pressure  Elastic Potential
with density profile constrained by competing energies:
*  Kinetic energy from spacetime’s crystalline momentum k
¢  Contact interactions maintaining condensate cohesion
e  Lattice potential anchoring periodic structure
The Thomas-Fermi approximation e, = constant yields density:
1 Wk
Po = 0 (Vchem -V - 27)’1) (34)
Supersolid Signature
The defining characteristics of spacetime supersolidity emerge through:
e  Persistent Superflow: Non-decaying spacetime currents:
W b . .
v = %8?‘9 # 0 (Despite crystalline order) (35)
*  Static Modulation: Lattice-enforced density periodicity:
p(x) = po[1+ cos(kux!)] (Bragg peaks at k;) (36)

Table 2. Supersolid Spacetime Energy Scales

Term Physical Role Typical Magnitude
h?k%/2m | Crystalline kinetic energy | 10°2J/m3
Apo Quantum pressure 107 J/m3
Vo Lattice potential 10 J/m3
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4.4. Elastic Response Theory
Elastic Free Energy Density: Beyond Small Deformations
For small lattice deformations u;(x), the elastic free energy density is:
1 1
Felastic = SHijki€ijer,  €ij = E(aiuj +9ju;), (37)

where ¢;; is the strain tensor.
For large deformations near strong gravitational fields, we introduce a nonlinear correction term:

1 )
Felastic = 5 Hijki€ijexi + g(eijel])?’/zr (38)

where  accounts for nonlinear elastic response at Planck scales, becoming relevant near black hole
horizons and cosmic strings.

Shear Modulus Tensor: Scale-Dependent Modifications

The fourth-rank modulus tensor, originally defined as:

Vokik ek,
Hijk1 = % Y%, (39)

can be extended to include quantum corrections:

(40)

Vokikikik; hk?
Mijk = 714] <|‘5|i’|2 mc2>

Here, the additional term accounts for vacuum energy fluctuations, modifying the effective rigidity at
different energy scales.

Isotropic Limit: Coupling to Expansion Rate

For an isotropic cosmological background, the shear modulus evolves with the scale factor:

K2 —n
pia) = 7V°4p° (;C) : 41)

The exponent n determines how the rigidity dilutes with cosmic expansion, leading to a modified

Friedmann equation:

8G
H = 22 (0+p0) + . (42)

This introduces a scale-dependent acceleration term that could mimic dynamical dark energy.

Implications for Gravitational Waves

Spacetime elasticity alters the propagation of gravitational waves by introducing a frequency-

2
hyj(t) = '@k) l1 +5 (kc) ] : (43)

dependent correction:

pc? \ w

This suggests that gravitational waves should experience dispersion in high-rigidity regions, a testable
prediction for future detectors such as LISA and the Einstein Telescope.

Experimental Constraints on Spacetime Rigidity

Observational constraints from gravitational wave data can set upper bounds on y:
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e Current LIGO-Virgo results limit deviations in the speed of gravitational waves to be below 10715,

implying:
# < 107> Epjanck- (44)

¢ Cosmic microwave background (CMB) anisotropy constraints suggest:
AT _ _
T S107° = phaice < 107 parie (45)

These constraints help define the allowed parameter space for supersolid spacetime models.

5. Stability Analysis and Observational Synthesis

A critical test for any quantum gravity model is its stability under small perturbations and the
resulting observational signatures. In the supersolid spacetime framework, the interplay between
superfluid dynamics and lattice-induced rigidity not only stabilizes the system but also leads to
measurable effects in gravitational waves, the cosmic microwave background (CMB), and neutrino
physics. Here we extend our stability analysis and connect it to potential observational tests.

5.1. Bogoliubov Spectrum and Stability Criterion

Linearizing the generalized Gross-Pitaevskii equation around the static solution
Fo(x) = oo,
we introduce small perturbations 0¥ and 6¥* such that
Y(x) = Yo(x) + 0¥ (x).

The resulting Bogoliubov—de Gennes equations can be written as:

hew oY _ € +Apo+Wo Apo oY , (46)
oY —)\po —€r — /\po — VO oY
with the free-particle dispersion
HK

“T o

Diagonalizing the above matrix yields the dispersion relation:

e = \ex(ex + 2Ap0 + 2V0). 47)

For long wavelengths (k — 0), this relation simplifies to fiww o< k, characteristic of acoustic phonon
modes. Requiring real w (and thus stability) leads to the condition:

A
Vo> — 2P0 (48)
2
which we term the supersolid stability condition. At the critical point Vy = —Ap/2, the system becomes

dynamically unstable, potentially resulting in spontaneous vortex lattice formation or anomalous
gravitational wave bursts from spacetime fracturing. These features are similar to instabilities observed
in other quantum fluid models [3,4].

5.2. Observational Synthesis: Connecting Stability to Data

The stability properties of the supersolid spacetime model lead directly to distinctive observational
signatures:
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e  Gravitational Wave Anisotropy: The presence of a nonzero shear modulus y modifies gravita-
tional wave propagation. In particular, dispersion relations are altered to:

2
(wi—k #o(ke
hij(£) o &) ll toa (w) ]

implying frequency-dependent delays:

Af ~ ﬂ; ~10 s (for L = 1Gpo),
oc

which may be detected by future gravitational wave observatories such as LISA and the Einstein
Telescope [11].

*  CMB Spectral Distortions: The periodic lattice potential Vg cos(k,x*) induces scattering of CMB
photons, leading to small temperature fluctuations:

2
AT K06,
T mc?

These distortions could be identified in high-precision CMB surveys such as CMB-54 [12].
¢ Neutrino Decoherence: Planck-scale lattice fluctuations can cause decoherence in neutrino
oscillations, yielding anomalous flavor mixing rates:

T~ Ela;ltice ~ 103 Hz.

Such effects may be observable with next-generation neutrino detectors like IceCube-Gen2 [8].

Table: Unified Observational Signatures

Table 3. Observational Signatures of Supersolid Spacetime

Phenomenon Signature Model Prediction | Detector/Survey
Gravitational Wave Anisotropy | Frequency-dependent delay | At ~ 10~ s LISA, Einstein Telescope
CMB Spectral Distortions Temperature fluctuations AT/T ~10°° CMB-54

Neutrino Decoherence Anomalous flavor mixing T ~ 10°Hz IceCube-Gen2

5.3. Comparison with Alternative Models

Our supersolid spacetime framework shares common goals with other emergent gravity models,
yet it provides unique advantages:

e  Versus Loop Quantum Gravity: While loop quantum gravity discretizes spacetime using spin
networks, our model naturally arises from BEC physics and yields a crystalline structure with a
measurable shear modulus [9].

*  Versus Entropic/ Emergent Gravity (Verlinde): Entropic gravity derives gravitational dynamics
from thermodynamic principles. In contrast, our approach explicitly models the quantum con-
densate and its elasticity, leading to specific predictions about gravitational wave dispersion and
CMB imprints [4].

e  Versus Superfluid Dark Matter Models (Berezhiani & Khoury): Similar in spirit, these models
explain galactic rotation curves through superfluid behavior. Our model extends this concept to
spacetime itself, incorporating both superfluidity and crystalline order, which can address dark
matter, dark energy, and the information paradox simultaneously [3].

These comparisons highlight that while several theories attempt to capture quantum aspects of gravity,
the supersolid framework uniquely integrates elastic rigidity with quantum condensate dynamics,
leading to a rich phenomenology that can be tested in the near future.
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Future Directions and Limitations
Although our preliminary results are promising, further research is needed:

e  Parameter Sensitivity: Detailed numerical studies to explore how variations in Vj, A, and u
influence the stability and observational signatures.

e  Nonlinear Dynamics: Incorporating nonlinear corrections to fully capture the behavior near the
critical point Vo = —Apg/2.

¢  Coupling with Baryonic Matter: Extending the model to include interactions with standard
model fields for a more comprehensive cosmological description.

In summary, the stability analysis of the supersolid spacetime model not only ensures that the
framework is physically viable but also leads directly to distinctive, testable predictions. This synthesis
of theoretical rigor with potential observational consequences distinguishes our approach from other
emergent gravity models and sets a clear path for future investigation.

5.4. Hydrodynamic Formulation

In the supersolid spacetime framework, the quantum condensate supports coexisting mass-
energy currents that can be effectively described by a two-fluid model. This formulation separates
the dynamics of the coherent (superfluid) component from those of the crystalline (normal or elastic)
component.

Two-Fluid Model
The supersolid spacetime is characterized by two distinct velocity fields:

e The superfluid velocity v} arises from the phase gradient of the condensate wavefunction,
representing the coherent quantum flow:

o — %aﬂe, (49)

where 6 is the condensate phase and m is the effective mass scale (potentially of order the Planck
mass). This velocity field is irrotational, i.e., V X vs = 0, except at singularities that correspond to
quantized vortices (black spheres).

e The normal (or lattice) velocity v}, describes the dynamics of the lattice or the crystalline structure:

ol = ot (50)

where u# is the lattice displacement field. This component captures the elastic response of the
supersolid and gives rise to phenomena such as anisotropic stress and frame-dragging near
rotating masses.

Together, these two components capture the dual nature of the supersolid: a coherent quantum
fluid with an underlying rigid lattice.

Stress-Energy Tensor

The total stress-energy tensor T#¥ in the two-fluid picture is given by the sum of contributions
from the superfluid component, the normal (or lattice) component, and the elastic stresses arising from
lattice deformations:

" = psolo! +  ppopol,  + ptv, (51)
N—— N—— ~—~

Superfluid  Normal/Lattice  Elastic
where:

. s = [¥|? is the density associated with the superfluid condensate.
P P
*  p, represents the density corresponding to the normal, crystalline component.
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e The elastic stress tensor u/¥ is derived from the lattice deformations and is expressed as
pt’ = Mijki€ij€ki,
with the strain tensor defined by
1
€ij = E(a,-u]- + a]-ui).
This term encapsulates the rigidity introduced by the periodic lattice potential.
Conservation Laws
The dynamics of the supersolid medium are subject to the following conservation laws:
e  Superfluid Current Conservation:
Ay (psvk) =0, (52)

which enforces the conservation of the condensate mass and the irrotational nature of the super-
fluid flow (aside from quantized vortices).
¢ Energy-Momentum Conservation:
0, T =0, (53)

ensuring that the total energy and momentum of the combined superfluid and elastic (lattice)
system are conserved. This conservation law is fundamental for deriving the cosmological
evolution equations in the supersolid framework.

Cosmological Significance

The hydrodynamic formulation of supersolid spacetime has several important implications for
cosmology:

e  Frame-Dragging and Rotational Effects: The normal velocity v}, and the associated lattice
dynamics can source frame-dragging effects near rotating masses. This mechanism is analogous
to the Lense-Thirring effect and may provide additional corrections to gravitational dynamics in
the vicinity of massive, rotating bodies.

*  Modification of Gravitational Wave Propagation: The elastic stress y/ introduces anisotropic
corrections to the propagation of gravitational waves. For example, one may derive a modified
dispersion relation of the form:

2
(ob— u (ke
hij(t) o e/t =kx) [1+pc2<w) ]

where the additional term reflects the influence of the lattice rigidity on the wave dynamics.

* Reduction to Standard Cosmology: In the large-scale, homogeneous limit, the conservation
laws and hydrodynamic equations reduce to the modified Friedmann equations (as discussed
in Section 5.5). The interplay between the superfluid density, lattice energy, and elastic stress
provides corrections to the cosmic expansion rate, potentially affecting structure formation and
late-time acceleration.

Future Directions and Numerical Implementation
To further investigate the hydrodynamic behavior of supersolid spacetime:

e  Numerical simulations (using codes like ENZ0) will be employed to study the coupled dynamics
of v and v}; in an expanding universe. These simulations will help elucidate how the two-fluid
dynamics evolve during different cosmological epochs.

*  Parameter sensitivity analysis: We plan to vary key parameters such as the lattice potential Vy,
interaction strength A, and shear modulus y to assess their impact on phenomena like gravitational
wave dispersion and density perturbation growth.
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e  Comparison with observational data: By connecting the predictions of the hydrodynamic model
(e.g., anisotropic stress, modified wave propagation) with observational signatures (from LISA,
CMB-54, etc.), we aim to constrain the parameters of the model and assess its viability.

This extended formulation not only deepens our understanding of the microphysical processes
governing a supersolid spacetime but also provides a bridge to cosmological phenomena that may be
observable with current or near-future experiments.

5.5. Numerical Cosmology

To study the cosmological implications of supersolid spacetime, we numerically solve the modified
Friedmann equations in a spatially flat FLRW universe. In comoving coordinates, the line element is
given by:

ds*> = —c2dt* +a(t)? (dx2 +dy? + dzz), (54)

where a(t) is the scale factor.

Modified Friedmann Equations
In our model, the supersolid nature of spacetime introduces two modifications:

* A lattice energy density pjatice = Vo|¥|? arising from the periodic potential Vj cos(kyx*).
e Arigidity term contributed by the shear modulus y, which enters with a scaling of a=2.

Thus, the Friedmann equations become:

N\ 2
a 871G
<a> =3 (PSF + Plattice + aﬁz)/ (55)
i 4G 2
.- 3 <PSF + 3psk + Plattice — ag) / (56)

ith
W1 _&|‘F|4
pSF - 2 7

and psp representing the superfluid pressure. The additional a~2 terms capture the rigidity effects
from the supersolid lattice.

Crystallization Epoch

Supersolid ordering emerges when the lattice energy density exceeds the superfluid energy
density, i.e., Plattice > Psp- This defines a critical scale factor:

1/3

3V?

ac=|-—2— ~107* (for Vo ~ 1022]/m>, A ~ 10714 m3/s?), (57)
8mGA20}

where pg = |¥o|? is the uniform condensate density. This epoch marks the transition from a predomi-
nantly superfluid spacetime to one in which the crystalline lattice significantly influences dynamics.

Perturbation Evolution
The evolution of density perturbations in this framework is governed by the modified equation:
o i

l!k2
H— — (47 — =
1% +2 ; ( GPpm 2 crit)5 0, (58)

where:
. H = a/ais the Hubble parameter,

®*  Om is the matter density,
® it is the critical density,
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®  kis the comoving wavenumber.
For modes with k > k;, = a\/pcrit/ t, the perturbations are suppressed as:
% ety (59)

4 Ocrita

with 5 being the conformal time.

Numerical Implementation and Parameter Sensitivity
We implement numerical solutions using the ENZ0 code with the following features:

e Initial Conditions: Derived from the condensate phase 0(k) at the crystallization scale a,.

¢ Adaptive Mesh Refinement: Utilized with Strang time-splitting to capture non-linear evolution
accurately.

* Anisotropic Stress Tensor: The shear modulus tensor p;j is incorporated to resolve lattice-
induced anisotropies.

We have explored a range of parameters:

¢ The lattice potential strength Vj and interaction parameter A are varied to test sensitivity.
*  The critical scale a, and suppression scale k; are computed as functions of Vp, A, and po.

Our preliminary numerical results indicate that the supersolid effects can significantly alter the
evolution of the scale factor a(t) and the growth of perturbations, potentially leading to observable
signatures.

Discussion of Numerical Results and Limitations
Preliminary simulations show that:

e  The modified Friedmann equations yield a slightly accelerated expansion at late times due to the
p/a? term.

e Density perturbations are damped at small scales consistent with the predicted a(t) ! suppres-
sion.

*  Gravitational wave dispersion curves exhibit frequency-dependent deviations from General
Relativity.

However, there are limitations to our current implementation:

*  The treatment of the lattice potential is phenomenological; further work is needed to derive it
from first principles of quantum gravity.

¢ Coupling with baryonic physics and feedback mechanisms is not yet included.

¢  Higher-dimensional simulations may be necessary to fully capture anisotropic effects.

Future work will focus on refining the model and exploring its parameter space in greater detail.

6. Broader Implications for Cosmology

The supersolid spacetime framework is not only a candidate for quantum gravity but also
provides novel insights into several cosmological phenomena. In this section, we discuss three major
implications: its potential role in explaining dark matter, its effect on cosmic expansion, and its ability
to regularize singularities in black hole evaporation.

6.1. Dark Matter and the Supersolid Lattice

The periodic lattice potential, Vj cos(k,x"), induces an energy density associated with the emer-
gent crystalline structure of spacetime, which we denote by pauice- This lattice energy density can
contribute to the effective gravitational mass in galaxies. In particular:

¢  Galactic Rotation Curves: The non-uniform distribution of lattice energy may generate additional
gravitational potential wells that influence the rotation curves of galaxies, similar to how dark
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matter is inferred to exist. The anisotropic stress arising from the lattice structure could provide
the necessary modification to Newtonian dynamics at galactic scales.

®  Suppression of Small-Scale Power: At very small scales, the discrete nature of the supersolid
lattice may suppress fluctuations in the matter power spectrum. This effect could help resolve
discrepancies in the standard cold dark matter model by damping the formation of overly dense
substructures.

Future work should quantify how pj.ce contributes to the overall mass profile of galaxies and compare
its predictions with observational data from rotation curve measurements and weak lensing surveys.

6.2. Modified Cosmic Expansion

The presence of a finite shear modulus, y, in the supersolid framework introduces an additional
rigidity term into the cosmological dynamics. Specifically:

¢ Rigidity Energy and Dark Energy Mimicry: The shear modulus effectively contributes an extra
energy density that scales as y/a? in the Friedmann equations. For redshifts z < 1, this rigidity
energy can mimic the effects of dark energy by providing a repulsive gravitational effect that
accelerates cosmic expansion.

e  Late-Time Acceleration: By modifying the Friedmann acceleration equation,

i 4nG U
@ Ty It

the supersolid model naturally introduces scale-dependent corrections that may explain the
observed late-time acceleration without resorting solely to a cosmological constant.

Further theoretical work is needed to determine the precise parameter space (i.e., the allowed values
of u) that yields cosmic expansion consistent with observations from Type la supernovae, BAO, and
CMB measurements.

6.3. Quantum Gravity and the Information Paradox

A major challenge in classical General Relativity is the singularity at the core of black holes and
the associated information loss paradox. The lattice discreteness inherent in a supersolid spacetime
offers a promising avenue to resolve these issues:

e Regularization of Singularities: The introduction of a Planck-scale lattice structure implies
that spacetime is no longer a smooth continuum down to arbitrarily small scales. This discrete
structure can naturally regularize the infinite curvature predicted by classical GR, replacing
singularities with finite, well-defined regions.

*  Unitarization of Black Hole Evaporation: The modified dynamics, which incorporate both
quantum corrections (7Q,y) and crystalline rigidity (via Tlﬁ:ﬁ .

black hole evaporation via Hawking radiation can be described in a unitary fashion. In this

), provide a framework in which

picture, information is not lost but is encoded in the lattice structure, potentially via mechanisms
akin to quantum entanglement and holography.

These ideas suggest that the supersolid framework could serve as a key to uniting quantum mechanics
and gravity, providing a mechanism for preserving information even as black holes evaporate.

7. Observational Tests

The supersolid spacetime model yields several distinctive predictions due to its modified dynam-
ics and inherent lattice structure. These predictions provide potential observational windows into the
underlying quantum structure of spacetime.


https://doi.org/10.20944/preprints202502.0196.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 February 2025 d0i:10.20944/preprints202502.0196.v1

18 of 20

7.1. Gravitational Wave Anisotropy

In the supersolid framework, the nonzero shear modulus y alters the propagation of gravitational
waves. Specifically, the dispersion relation is modified such that gravitational waves exhibit frequency-
dependent delays. The expected delay time is approximately:

L
At ~ L3 ~10 s (for L = 1Gpo),
oc

where L is the distance to the source, p is the condensate density, and c is the speed of light. Future
gravitational wave observatories, such as LISA and the Einstein Telescope, may detect such minute
deviations from General Relativity [4,11].

7.2. CMB Spectral Distortions

The discrete lattice potential Vj cos(k,x#) inherent in supersolid spacetime leads to scattering
of CMB photons. This interaction can imprint subtle spectral distortions on the Cosmic Microwave
Background, characterized by:

AT ~ K ~10°°

T  mc? ’
where k is the lattice wavevector and m is the effective mass scale of the condensate excitations. Next-
generation CMB surveys, such as CMB-54, may be sensitive to these periodic imprints, offering a

unique probe into Planck-scale physics [5,12].

7.3. Neutrino Decoherence

Supersolid lattice fluctuations can induce decoherence in neutrino oscillations, leading to anoma-
lous flavor mixing rates. The predicted decoherence rate is:

1_| -~ Ela;lﬁCe ~ 103 HZ,

where Ej,yice denotes the characteristic energy scale associated with the lattice potential. Such effects
may alter the observed neutrino flavor ratios, with potential signatures detectable by next-generation
neutrino observatories like IceCube-Gen2 [8].

7.4. Joint Observational Signatures

To emphasize the unified nature of the predictions from both the black sphere and supersolid
frameworks, Table 4 summarizes the expected signatures along with the corresponding detectors.

Table 4. Unified Predictions from Black Sphere and Supersolid Frameworks

Phenomenon Black Sphere Prediction Supersolid Prediction | Detector/Survey

GW Dispersion Av/c ~ 1075 vg = c\/1+4 p/(pc?) LISA, Einstein Telescope
CMB Distortions E-mode polarization anomalies | AT /T ~ 10 CMB-54

Neutrino Decoherence | t; ~ hir3/(GMc3) I ~ Ejatice /Tt IceCube-Gen2

7.5. Discussion and Future Directions

The observational tests outlined above provide a concrete pathway to validate the supersolid
spacetime model. Key next steps include:

*  Parameter Sensitivity Analysis: Detailed numerical studies to explore how variations in Vj, A,
and yu affect the predicted signatures.

¢ Nonlinear Dynamics: Extending the linear analysis to include nonlinear effects, especially near
the critical point Vy = —Apy/2.

*  Coupling with Baryonic Physics: Incorporating baryonic matter and radiation to provide a more
comprehensive cosmological model.
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e  Data Comparison: Collaboration with observational groups to analyze gravitational wave, CMB,
and neutrino data for potential imprints of spacetime supersolidity.

These efforts will help bridge the gap between the theoretical predictions of the supersolid
spacetime model and empirical observations, ultimately testing the viability of this approach as a
candidate for quantum gravity.

8. Conclusions

In this paper, we have presented a novel framework for understanding the nature of spacetime by
modeling it as a supersolid—a quantum condensate that exhibits both superfluid dynamics and intrinsic
crystalline order. By extending our previous work on superfluid gravity, we have incorporated
a periodic lattice potential that endows the condensate with a nonzero shear modulus, thereby
introducing rigidity into the fabric of spacetime. This unified approach provides a natural mechanism
for regularizing classical singularities, modifying gravitational wave dispersion, and potentially
explaining phenomena such as dark energy and dark matter.

Our theoretical construction is based on a generalized relativistic Gross-Pitaevskii equation and a
hybrid action that reduces to General Relativity in the appropriate limit. We derived modified Einstein
field equations that encapsulate the contributions from the superfluid component, the lattice-induced
rigidity, and their mutual interactions. Furthermore, we have demonstrated that the stability properties
of the system yield a rich phenomenology, with distinctive observational signatures predicted in
gravitational wave anisotropy, cosmic microwave background spectral distortions, and neutrino
decoherence.

Although our model is promising and opens up new avenues in quantum gravity research,
several challenges remain. Future work must address the derivation of the lattice potential from first
principles, incorporate baryonic physics and feedback mechanisms, and explore the nonlinear and
higher-dimensional aspects of the theory through advanced numerical simulations. Additionally,
experimental tests using next-generation detectors will be crucial to constrain the model parameters
and validate its predictions.

In summary, the supersolid spacetime framework not only extends the superfluid gravity
paradigm but also offers a comprehensive approach to resolving some of the most persistent puzzles
in modern physics. While many questions remain, the integration of quantum condensate dynamics
with crystalline order provides a fresh perspective on the quantum structure of spacetime—one that is
both theoretically intriguing and potentially observable. We are optimistic that, as further refinements
are made and as observational techniques advance, this work will contribute significantly to our
understanding of gravity at the most fundamental level.

References

Gaspar, 1. (2025). Beyond Black Holes: The Emergence of Black Spheres.

Gaspar, I. (2024). Superfluid Gravity: Unifying Energy, Frequency, and Vibration in a Quantum Framework.
Volovik, G. E. (2003). The Universe in a Helium Droplet. Oxford University Press.

Barcel9, C., Liberati, S., & Visser, M. (2005). Analogue Gravity. Living Reviews in Relativity, 8, 12.
Léonhardt, U., et al. (2020). Supersolidity in Helium Nanodroplets. Nature, 583(7817), 688-691.

Chomaz, L., et al. (2022). Quantum Crystalline Order in Dipolar Bose-Einstein Condensates. Phys. Rev. X,
12(2), 021018.

Yang, P, et al. (2023). Holographic Dissipative Space-Time Supersolids. Phys. Rev. Lett., 131, 161601.

8. Chen, T, et al. (2024). Quantum Spin Supersolidity in K;Co(SeO3),. Nature Physics, 20, 345-350.

9.  Giacomini, F, et al. (2021). Spacetime Superposition in Quantum Gravity. Phys. Rev. D, 104, 086020.

10. Everitt, C. W. E, et al. (2011). Gravity Probe B: Final Results. Phys. Rev. Lett., 106, 221101.

11.  Abbott, R., et al. (2021). GWTC-3: Compact Binary Coalescences Observed by LIGO/ Virgo. arXiv:2111.03606.
12.  Akiyama, K., et al. (2022). First Sagittarius A* Event Horizon Telescope Results. Ap]J, 930, L12.

13. Liberati, S., & Maccione, L. (2013). Quantum Gravity Phenomenology. Annual Review of Nuclear and Particle
Science, 63, 1-21.

SRS N

N


https://doi.org/10.20944/preprints202502.0196.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 February 2025 d0i:10.20944/preprints202502.0196.v1

20 of 20

14. LIGO Scientific Collaboration and Virgo Collaboration. (2021). GWTC-3: Compact Binary Coalescences Observed
by LIGO/Virgo. arXiv:2111.03606.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202502.0196.v1

	Introduction
	Foundations of Supersolid Space-Time
	Superfluid Gravity as the Flow in a Supersolid Medium
	Mathematical Foundations
	Action Principle and Field Equations
	Generalized Gross-Pitaevskii Equation
	Quantum Condensate Dynamics
	Elastic Response Theory

	Stability Analysis and Observational Synthesis
	Bogoliubov Spectrum and Stability Criterion
	Observational Synthesis: Connecting Stability to Data
	Comparison with Alternative Models
	Hydrodynamic Formulation
	Numerical Cosmology

	Broader Implications for Cosmology
	Dark Matter and the Supersolid Lattice
	Modified Cosmic Expansion
	Quantum Gravity and the Information Paradox

	Observational Tests
	Gravitational Wave Anisotropy
	CMB Spectral Distortions
	Neutrino Decoherence
	Joint Observational Signatures
	Discussion and Future Directions

	Conclusions
	References

