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Abstract

We present a non-collisional mechanism for the formation of symmetric ring galaxies
based on the dynamical relaxation of gas on top of quantized vortex configurations in
Bose–Einstein Condensate Dark Matter (BECDM) solutions. For this we solve the fully
coupled Gross–Pitaevskii–Poisson–Euler (GPPE) system in 3D, allowing for complete
gravitational back-reaction between the baryonic gas and the dark matter component.
Initializing the luminous matter as an ideal gas with random initial conditions on top of a
vortex line with a topological winding number m = 1, we systematically explore three dark
matter self-interaction regimes, attractive, collisionless, and repulsive, for a characteristic
ultra-light boson mass of mb = 10−22 eV. Our simulations reveal that the baryonic gas
relaxes into stable, highly symmetric rings whose physical diameters from 11 to 16 kpc and
total enclosed masses of order 1010 M⊙ match the scales of intensely studied benchmarks
like Arp 147. We use the detailed data from Arp 147 purely as a physical baseline to provide
a structural proof of concept for our model. However, this self-consistent mechanism can
be an interesting explanation for isolated ring galaxies-like Hoag-type objects, which lack
the nearby companions or tidal debris required by standard collision models.

Keywords: self-gravitating systems; dark matter; bose condensates

1. Introduction
Arp 147 is one of the best-studied collisional ring galaxies, consisting of a nearly circu-

lar ring interacting with an early-type companion due to an off-center, inclined collision that
triggered an outwardly propagating density wave [1]. It is part of the broader population
of collisional ring galaxies identified through their characteristic morphology [2].

X-ray observations with the Chandra X-ray Observatory [3] indicate intense recent
star formation that compressed the interstellar medium. Integral-field spectroscopic obser-
vations obtained with SWIFT [1] provided a detailed kinematic characterization, measuring
a ring expansion velocity of approximately 225 km s−1 and a collision timescale estimated
to be less than 50 Myr, showing a stellar population with an old pre-collision component
along with a younger population. More recently, high-resolution Hubble Space Telescope
observations [4] resolved star clusters and massive star-forming clumps along the ring,
where approximately 60% of the detected clusters are younger than 10 Myr and nearly
two thirds have masses larger than 105 M⊙. Taken together, these observational studies
establish Arp 147 as an exceptionally well characterized collisional ring galaxy. Numerical
models of off-center galaxy collisions have also reproduced several of its characteristic
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morphological features [5,6], supporting the interpretation of Arp 147 within the classical
collisional scenario.

In this work, we present a different dynamical process for the formation of such ring-
like structures, based on the Bose–Einstein Condensate Dark Matter (BECDM) framework
without the need of a collisional trigger. This type of dark matter assumes the dark
particles to be ultralight bosons in a coherent state, and in the case when there is no self-
interaction between bosons, it is called fuzzy dark matter (FDM) [7]. Its dynamics are
described with a macroscopic wave function governed by the Gross Pitaevskii equation [8,9]
coupled to Poisson equation sourced by the gravitational potential generated by the bosons
themselves, a system called a Gross–Pitaevskii–Poisson system of equations. This model
is an alternative to cold dark matter because one of its most important properties are
wave effects that prevent the formation of small-scale structure and, instead, its collapse
leads to the formation of solitonic cores [7,10–14]. Its dynamics leads the behavior of
baryonic components during structure formation [15–18], black holes [19–24] and test
particles [25–27]. Structure formation also leads to the formation of vortices [28–34], whose
properties can depend on the self–interaction strength [35] and, most recently, it has been
shown that vortex solutions have a radically new influence on an ideal gas, including the
formation of rings of gas around [36]. In this context, we would like to investigate whether
vortices produce ring-like structures of the size of galaxies in order to at least know what
conditions would be required on the BECDM parameters to support such a structure. The
case of Arp 147 is one of the most studied ones, and although its origin is well understood
in terms of a binary collision, it serves as an observation to callibrate parameters of the
model and to learn under which conditions such type of structures could form when not
from collisional origin as found in [36].

For our analysis we evolve an ideal gas modeling luminous matter, starting from
random initial conditions, on top of a quantum vortex solution of BEC DM. The evolution
couples the ideal gas and the BEC by coupling the GPP system with Euler equations of the
ideal gas, thorugh Poisson equation that takes into account the densities of both compo-
nents. By exploring three regimes of the dark matter self-interaction, our hydrodynamic
simulations reveal that the ambient gas naturally relaxes and accommodates into stable
ring structures whose characteristic physical sizes and total baryonic masses closely match
those observed in systems like Arp 147. We emphasize that the primary objective of this
study is not to reinterpret Arp 147 itself, whose origin via a high velocity galactic collision
is well established. Instead, this mechanism is proposed as a structural proof-of-concept.
Our results demonstrate that topological phase singularities in BECDM halos can mimic
classical collisional morphologies, providing a clear set of distinct kinematic predictions
that can be systematically tested by the next generation of deep field observations, for
instance, with the James Webb Space Telescope (JWST).

This mechanism allows us to speculate on the origin of truly isolated ring galaxies, such
as the prototype Hoag’s Object [37–39] and other peculiar detached like LEDA 1000714 [40],
which present a persistent puzzle for standard collisional models due to the total absence
of a visible early-type companion or recent tidal debris. While Arp 147 provides the high-
resolution observational dataset required to benchmark our model’s parameters in this
initial work, we propose that isolated, empty rings may represent the baryonic signatures
of unperturbed dark matter vortices. This offers a potential observational prediction that
distinguishes the BECDM topological model from classical interaction scenarios.

The paper is organized as follows. In Section 2, we describe the equations describing
the coupled system; in Section 3, we describe how an observation can be associated to a
ring simulation; in Section 4, we present the specific identification with the ring of Arp 147;
and in Section 5, we present our conclusions.
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2. Becdm Vortices and Gas
2.1. The GPPE System of Equations

The dynamics of ultralight bosonic dark matter coupled through gravity with an ideal
gas (IG), is described by the Gross–Pitaevskii–Poisson–Euler (GPPE) system of equations,
as described in [41,42]:

ih̄∂t̃Ψ̃ = − h̄2

2mB
∇2

x̃Ψ̃ + mBṼΨ̃ + g̃|Ψ̃|2Ψ̃, (1)

∂t̃ρ̃ +∇x̃ · (ρ̃⃗̃v) = 0, (2)

∂t̃(ρ̃ ⃗̃v) +∇x̃ · (ρ̃⃗̃v ⊗ ⃗̃v + p̃ I) = −ρ̃∇x̃Ṽ, (3)

∂t̃Ẽ +∇x̃ ·
[⃗
ṽ(Ẽ + p̃)

]
= −ρ̃⃗̃v · ∇x̃Ṽ, (4)

∇2
x̃Ṽ = 4πG(ρ̃T − ¯̃ρT), (5)

p̃ = (γ − 1)ρ̃ẽ, (6)

where Ψ̃ is the parameter order that describes the mean field behavior of the cloud of bosons
composing the BECDM component, whose mass density is given by mB|Ψ̃|2, with mB the
boson mass, h̄ is the reduced Planck constant, and g̃ = 4πh̄2 ãs/mB is the self-interaction
coefficient between bosons, with ãs the s-wave scattering length. For the Euler equations
describing the dynamics of the ideal gas, each volume element is described bt the mass
density ρ̃, the velocity field ⃗̃v, the total energy density Ẽ = ρ̃

(
ẽ + 1

2 |⃗ṽ|2
)

where ẽ is the
specific internal energy, and I is the identity tensor. We consider the equation of state (6)
that relates the pressure p̃ and internal energy ẽ, where γ is the adiabatic index.

Poisson equation couples gravitationally the two components through the gravita-
tional potential Ṽ because it is sourced by the addition of the two densities ρ̃T = ρ̃+mB|Ψ̃|2
and the spatial average ¯̃ρT . The average density is added to ensure a consistent solution
of the Poisson equation under periodic boundary conditions and non-isolated environ-
ments [43]. For its solution, we express these equations using Cartesian coordinates (t̃, ⃗̃x).

2.2. Non-Dimensionalization

The numerical solution of this system uses dimensionless units [41], where all variables
are rescaled as follows:

t̃ = t0 t, ⃗̃x = x0 x⃗, Ψ̃ = Ψ0 Ψ,

ρ̃ = ρ0 ρ, ⃗̃v = v0 v⃗, p̃ = p0 p,

ẽ = e0 e, Ẽ = E0 E, Ṽ = V0 V,

g̃ = g0 g, ãs = a0 as.

(7)

The tilted quantities denote dimensional physical variables, whereas the not tilded ones
are dimensionless.

The scaling parameters are fixed based on the boson mass mB = m22 × 10−22eV/c2

and a characteristic length scale that we choose to be x0 = kpc/λ. This suffices to determine
the remaining scale factors:
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t0 =
mBx2

0
h̄

≈ 50.96 × 10−3
(m22

λ2

)
Gyr, (8)

v0 =
h̄

mBx0
≈ 19.20(λ · m22) km/s, (9)

M0 =
h̄2

4πGm2
Bx0

≈ 6.820 × 106

(
λ

m2
22

)
M⊙, (10)

ρ0 =
h̄2

4πGm2
Bx4

0
≈ 6.820 × 106

(
λ4

m2
22

)
M⊙

kpc3 , (11)

a0 =
Gm3

Bx2
0

h̄2 ≈ 3.228 × 10−75

(
m3

22
λ2

)
cm. (12)

The scaling factors for pressure, energy, potential, and internal energy, can be derived from
these scale factors. For a specific unit conversion one has to specify λ and m22. Finally, the
GPPE system written in dimensionless units reads

i ∂tΨ = −1
2
∇2Ψ + VΨ + g|Ψ|2Ψ, (13)

∂tρ +∇ · (ρv⃗) = 0, (14)

∂t(ρv⃗) +∇ · (ρv⃗ ⊗ v⃗ + pI) = −ρ∇V, (15)

∂tE +∇ · [⃗v(E + p)] = −ρv⃗ · ∇V, (16)

∇2V = ρT − ρ̄T , (17)

p = (γ − 1)ρe, (18)

which is the system we solve to construct our numerical simulations.

2.3. Initial Conditions

For the bosonic component, we use as initial conditions a stationary vortex solution of
the GPP equations, which is constructed from the initial wave function anzats as in [32,33]

Ψ(x⃗, 0) = ϕ(r⊥, z) eimφ, (19)

where m is the winding number of the vortex, and ϕ(r⊥, z) is the wave function that satisfies
the stationary GPP equations subject to the boundary conditions ϕ(0, z) = ∂zϕ(r⊥, 0) = 0,
and vanishing of ϕ and its derivatives at infinity. Stationary solutions are constructed in
cylindrical coordinates as described in [36,44]. This setup results in a rotating structure
with a vortex line aligned along the z−axis, which we use as the initial conditions for the
BEC part of the equations.

The initial conditions for the IG component on the other hand are random and are
generated using the auxiliary wave function.

Ψaux = AF−1{e−| p⃗|2 eiΦ( p⃗)}, (20)

where A is a normalization constant that fixes the mass MIG of the ideal gas. Here, p⃗ denotes
Cartesian components of the momentum coordinates, and Φ( p⃗) is a phase randomly chosen
from a uniform distribution in the interval (0, 2π] for each mode, following the recipe
in [18,45]. The density of the gas at initial time is given by ρ(x⃗, 0) = |Ψaux|2. The velocity
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field is limited by the condition |⃗v(x⃗, 0)| ≤ vm, where vm is a maximum speed at initial
time. The initial pressure is defined with a polytropic equation of state

p(x⃗, 0) = Kρ(x⃗, 0)γ, (21)

where K is the polytropic constant that fixes the energy scale of the gas. Finally, the internal
energy at initial time is calculated from the ideal gas EoS

e(0, x⃗) =
p(0, x⃗)

(γ − 1)ρ(0, x⃗)
=

K
γ − 1

ρ(0, x⃗)γ−1, (22)

as defined in Equation (6).

2.4. Numerical Setup

The simulations are performed in code units and subsequently converted to physical
units using the scaling factors (8)–(12). For this we use the code CAFE-BECDM, described
in [41], where the system of equations is solved in a 3D periodic domain described with
Cartesian coordinates.

The numerical methods are summarized as follows. Time integration uses the Method
of Lines coupled with a third-order Runge–Kutta scheme. For spatial discretization, we
evaluate the Gross–Pitaevskii system (1) in spectral space using a Fast Fourier Transform
(FFT) algorithm and solve the Poisson equation (5) with an FFT-based solver at every
Runge–Kutta substep. Meanwhile, we handle the hydrodynamic Euler Equations (2)–(4)
through high-resolution shock-capturing (HRSC) techniques, employing a Minmod lim-
iter for linear spatial reconstruction alongside an Harten–Lax–van Leer–Einfeldt (HLLE)
approximate Riemann solver to evaluate inter-cell numerical fluxes.

We integrate the system up to t = 500 dimensionless time units within a cubic domain
of side length L = 80. The spatial grid uses N = 128 points per axis, corresponding
to a uniform grid spacing of h = L/N. To ensure numerical stability, we fix the time
step ∆t according to the Courant–Friedrichs–Lewy constraint ∆t/h2 < 1/(6π), as recom-
mended in [45].

2.5. Parameter Setup

We explore a set of vortex–gas simulations characterized by the following simulation
parameters {m, MBEC, g, µ, K, γ, vm}. Here, µ = MIG/MBEC denotes the initial IG-to-
BEC mass ratio. In all simulations, we fix the winding number to m = 1, the BEC mass
to MBEC = 20, the polytropic constant to K = 10, the adiabatic index to γ = 5/3, and the
maximum gas speed to vm = 0.5. We consider three values of the self-interaction parameter,
g = −0.5, 0, and 1, and two initial mass ratios, µ = 0.1 and 1.

3. Morphological and Physical Analysis
Surface Density. Since observational images provide a two-dimensional projection of a

galaxy on the plane of the sky, while our simulations evolve the full three-dimensional gas
density, a projection of the numerical data is required before any morphological comparison
can be performed. If we consider that the observational plane is perpendicular to the z−axis,
the projected surface density is calculated as

Σ̃(x̃, ỹ, t̃) =
∫

ρ̃(x̃, ỹ, z̃, t̃)dz̃. (23)

The dimensionless surface density Σ̃ contains the projected information of the three-dimensional
density distribution. Its dimensional counterpart is obtained as Σ = Σ0Σ̃, where the surface-
density scale is Σ0 := ρ0x0 = (M⊙/kpc2)λ3/m2

22.
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Unsharp Masking. Observational studies often apply filters to images to enhance
structures [46–48]. We applied an image processing technique to the surface density of gas
to enhance the morphology and characteristic scales of the resulting rings. The projected
surface density was processed using an unsharp masking filter

∆Σ(x̃, ỹ, t̃) = Σ(x̃, ỹ, t̃)− Gσ ∗ Σ(x̃, ỹ, t̃) (24)

where the ∗ denotes convolution and Gσ is a Gaussian smoothing kernel with standard
deviation σ. Among the different image-enhancement techniques explored, unsharp mask-
ing was adopted because it preserves the projected density distribution while enhancing
low-contrast structures. The filtered image is then used to determine the characteristic
morphological parameters of the ring.

Ring Characterization. Once the ring-like structure is detected in a simulation, we
calculate the radial average of the surface density as

∆Σ(r̃, t̃) =
1

2π

∫ 2π

0
∆Σ(r̃, ϕ̃, t̃)dϕ̃, (25)

where (r̃, ϕ̃) are the polar coordinates in the image plane which are in physical units.
From the radial profile we define rpeak as the radius at which the surface density

reaches its maximum. The inner and outer radii, rint and rout are defined by the full width
at half maximum of the profile, while the ring thickness is given by ∆r = rout − rint and ring
diameter is Dring = 2rout. Finally, we define the ring mass as the projected mass enclosed
within rout

Mring(t) = 2π
∫ rout

0
Σ(r̃, t̃)r̃dr̃. (26)

BECDM Vortex Characterization. Although the ring morphology is characterized from
the gas distribution, the BECDM component contributes to the gravitational potential of
the system. Therefore, we also estimate the mass enclosed by the central vortex. First, we
calculate the angle-average density profile respect to the coordinate origin in all time

ρ̃vortex(r̃, t̃) =
1

4π

∫
Ω

mB|Ψ̃(⃗̃x, t̃)|2dΩ, (27)

over the solid angle domain. Then, calculate the the enclosed BECDM mass in the surface as

Mvortex(t̃) = 4π
∫ rvortex

0
ρ̃vortex(r̃, t̃)r̃2dr̃ (28)

where rvortex is the outer characteristic radii of the BECDM vortex that we defined by the
full width at half maximum of the profile. Finally, the enclosed mass is the sum of each
mass component

Menclosed = Mring + Mvortex. (29)

The physical quantities defined above inherit their scaling from the characteristic length
and mass scales. In particular, all radial quantities scale with the characteristic length
x0 ∝ λ−1, while the ring, vortex and enclosed mass scale with M0 ∝ λ/m2

22. Thus, for fixed
λ, the characteristic radii are independent of m22, whereas all mass-related quantities scale
as m−2

22 . These quantities are used in the next section to compare the simulated rings with
the observed properties of the galaxy ring ARP 147.

4. Results
In our analysis, all quantities are translated from code units into physical units obtained

from the scaling relations (8)–(12).
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Ideal Gas accumulation. Figure 1 shows the three-dimensional time evolution of the
BEC vortex and ideal gas density distributions for one simulation with g > 0 and µ = 1.0.
The sequence, from left to right and top to bottom, illustrates the development of the gas
distribution around the BEC vortex from the initial state to t = 12.74 Gyr. This shows that
the vortex–gas configurations remain approximate stable after the gas accumulates around
the BEC vortex with a ring-like shape.

Figure 1. Three-dimensional visualization of the evolution of the BEC and IG density distributions
for the case g > 0 and µ = 1.0 configuration. The BEC density is represented by the blue isosurface,
while the IG density is represented by the translucent red isosurfaces. Each panel shows a snapshot
of the densities at times t = 0, 1.33, 6.12, and 12.74 Gyr. At t = 0, we noticed the ideal gas density
randomly distributed throughout the computational domain. Later on, the gas begins to accumulate
around the vortex and remains in this state for approximately 10 Gyr.

Morphological Comparison. In Figure 2, we show the IG surface density (23) after apply-
ing the unsharp masking filter (24). We present six vortex–gas simulations corresponding to
attractive (g < 0), non-interacting (g = 0), and repulsive (g > 0) self-interaction strengths,
each evolved for two initial mass ratios, µ = 0.1 and µ = 1.0 and assuming mass and length
scales mB = 1.0 × 10−22eV/c2 and x0 = 1.0 kpc.

In all cases, the ideal gas follows the morphology induced by the BECDM vortex,
producing a well-defined ring-like structure. Previous work demonstrated that the self-
interaction strength modifies the radial profile of BECDM vortices [36]. This behavior is
directly transferred to the gas component. Figure 2 shows that the ring diameter systemati-
cally increases from the attractive (g < 0) to the repulsive (g > 0) regime.
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Figure 2. Filtered surface density of the ideal gas. Each column corresponds to different self-
interaction values g < 0 (left), g = 0 (middle) and g > 0 (right). Simulations correspond to
two mass ratios µ = 0.1 (upper row) and µ = 1.0 (bottom row). The central white arrow denotes the
characteristic ring diameter.

Vortex–gas Correspondence. Figure 3 compares the radial distributions of the IG and
BEC components for the six simulated configurations. The IG profiles closely follow the
radial structure of the corresponding BEC vortices, including the location of the density
enhancement associated with the ring-like structure.

The close correspondence between the IG and BEC radial profiles indicates that the
gas morphology is primarily shaped by the gravitational structure of the BECDM vortex.
This correspondence is observed for the different self-interaction regimes and mass ratios
explored, which shows that the ring-like gas structure is a property of the vortex–gas
configurations. Together with the evolution shown in Figure 1, these results indicate that
the condensed gas remains approximately stable over the timescales considered.

Figure 3. Radial profiles of the IG and BEC density distributions for the six simulated configurations.
The IG profiles, ∆Σ(r), are obtained from the radially projected IG density, while the BEC profiles
correspond to the radially averaged density ρvortex(r). Columns correspond to the three values of the
self-interaction parameter, g < 0, g = 0 and g > 0, while rows correspond to the IG-to-BEC mass
ratio µ = 0.1 and 1.0. All profiles are normalized to their respective maximum values.

Physical Characterization. Now let us compare as an exercise with ARP 147 properties.
It has a total stellar mass of approximately (6 − 10)× 1010M⊙ and a ring diameter close
to 12 kpc, although the exact values depend on the adopted stellar population model
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and observational method [1,4]. These quantities constitute the primary observational
constraints used in this work.

To compare the numerical models with ARP 147, each simulation was rescaled by
adjusting the characteristic length λ such that the simulated ring diameter matched the
observed value of approximately 12 kpc. This procedure fixes the physical length scale
associated with each numerical model.

Once the spatial scale is fixed, the enclosed mass depends primarily on the adopted
boson mass through the scaling relation M0 ∝ λ/m2

22. We find that choosing m22 = 0.4
produces enclosed masses in the range (7.4–10.8)×1010 M⊙, in good agreement with the
stellar mass estimated for ARP 147.

The resulting values of the scaling parameter λ, the physical self–interaction strength g̃,
and the corresponding masses are summarized in Table 1. Although all models reproduce
the observed ring diameter after rescaling, they require different physical values of g̃ and
predict different enclosed masses. Therefore, observational constraints on both the ring
size and the enclosed mass provide a way to restrict the allowed parameter space of the
BECDM vortex model.

Table 1. Physical properties of the simulated vortex–gas systems after rescaling each model to
reproduce the observed ring diameter of ARP 147 (Dring = 12 kpc). The boson mass was fixed
to mB = 0.4 × 10−22eV/c2, yielding enclosed masses consistent with the observational estimate of
(6–10)×1010 M⊙. Additionally, we show the maximum radial surface density of the ideal gas and the
maximum radial density of the BECDM component of the system.

Initial
λ

g̃ Mring Mvortex Menclosed Σmax(r) æmax
vortex(r)

Condition
[
×10−89 Jm3] [

×1010 M⊙
] [

×1010 M⊙
] [

×1010 M⊙
] [

×102 M⊙/kpc2] [
×105 M⊙/kpc3]

µ = 0.1

1.028 −1.920 0.073 7.305 7.378 7.373 3.493

1.091 0.0 0.096 7.969 8.065 6.397 3.274

1.263 2.545 0.041 9.595 9.635 0.857 2.540

µ = 1.0

0.998 −2.039 0.623 6.939 7.563 76.67 3.479

0.913 0.0 0.476 6.082 6.558 36.23 3.996

1.343 2.251 0.553 10.24 10.80 8.497 2.1

The required values of λ differ by less than about 35% among all models, indicating
that the simulated ring sizes are already naturally close to the observed diameter of ARP 147.

The density properties of the vortex–gas configurations provide an additional quanti-
tative characterization. The maximum radial surface density of the ideal gas, Σmax, varies
systematically among the different configurations, while the maximum radial density of
the BECDM vortex, ρmax

vortex, remains of the same order of magnitude in all the models
explored. Together with the radial profiles shown in Figure 3, these quantities confirm that
the ideal gas forms a well-defined density enhancement associated with the BECDM vortex
structure. The variations in Σmax reflect the different gas distributions produced by the
vortex configurations, for the two mass ratios considered.

5. Conclusions
In this paper, we have presented a non-collisional mechanism for the formation of ring

galaxies based on the hydrodynamic relaxation of gas on top of quantized vortex solutions
in Bose–Einstein Condensate Dark Matter (BECDM) configurations.

Our numerical simulations show that a randomly distributed ideal gas naturally dis-
tributes into stable baryonic rings. For different values of self-interaction, including nega-
tive and positive values, assuming a characteristic ultra-light boson mass of mb = 10−22 eV,
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the resulting structures consistently yield physical radii and total baryonic masses of the
same order of magnitude as those for Arp 147.

The time evolution also shows that the initially random gas distribution condenses
around the BECDM vortex and remains approximately stable for several Gigayears. The
radial density profiles confirm that the ideal gas traces the BECDM densities and provides
an additional quantitative characterization of these configurations across the explored
self-interaction strength and mass ratios.

We explicitly selected Arp 147 as the physical benchmark for this proof-of-concept
because it represents one of the most thoroughly observed in the literature, providing
multi-wavelength dataset that allows for calibration of our model’s structural parameters.
However, while the classical collisional framework remains the most robust explanation
for heavily perturbed systems with visible, high-velocity companions like Arp 147, our
topological BECDM model provides an alternative evolutionary scenario for isolated non-
collisional rings.

Regarding the ring evolution, we find that the radial position of the peak density does
not change significantly over the simulated time interval, unlike collisional ring galaxies
in which the ring is commonly associated for significant radial expansion of the ring [4].
This represents a qualitative difference between the present vortex–gas mechanism and the
classical collisional scenario.

The coupling between the gas and the BEC dark matter offers a potential solution to an
astrophysical puzzle, namely the existence of completely isolated Hoag-type ring objects,
such as Hoag’s Object itself [37–39] or the detached double-ring system LEDA 1000714 [40],
which are not related to standard collisional models due to their total lack of tidal remnants.
Having successfully benchmarked our code against an observational standard, we can
now extend this framework to a dedicated sample of isolated Hoag-type objects in the
very near future. Ultimately, our results demonstrate that future high-resolution kinematic
and spectroscopic surveys using advanced observations of the deep field will be crucial to
detect the distinct rotational velocity fields and signatures predicted by our vortex-trapping
mechanism, opening an observational window into the macroscopic quantum nature of
dark matter.
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