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Abstract
The ΛCDM cosmological model faces a long-standing “satellite disk problem”
when explaining the observed disk-like distribution of satellite galaxies around
host galaxies similar to the Milky Way. Traditional solutions rely on acciden-
tal merger histories or finely-tuned dark matter halo parameters. This paper
applies, for the first time, the universal Xiaoxiao radius law R_{eqv} = c /
H_{self} �(�- 1) to hierarchical galaxy–satellite systems, treating the host galaxy
and its satellites as an integrated dynamical entity and calculating the char-
acteristic orbital radius using the intrinsic gravitational oscillation frequency
H_{self}. Based on the latest observations such as Gaia DR3, the spatial dis-
tribution of Milky Way satellite galaxies shows significant concentration in the
shell predicted by the Xiaoxiao radius (the predicted value of 49.8 kpc differs
from the observed peak of 50.2 ± 1.8 kpc by only 0.4 kpc). This result provides
a parameter-free, naturally-emergent solution to the satellite galaxy distribution
problem, indicating that it is not a product of random evolution but rather an
equilibrium state determined by the system’s intrinsic dynamics.
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Abstract

The standard ΛCDM cosmological model faces a long-standing challenge known
as the“Satellite Plane Problem”when explaining the observed planar distribu-
tions of satellite galaxies around host galaxies like the Milky Way. Conventional
solutions often rely on stochastic merger histories or fine-tuned parameters of
the dark matter halo. In this paper, we apply, for the first time, the univer-
sal Xiaoxiao Radius law, 𝑅eqv = 𝑐/𝐻self ⋅ (𝜑 − 1), to hierarchically structured
galaxy-satellite systems. By treating the host galaxy and its satellites as a
unified dynamical entity, we calculate the characteristic orbital radius using
the intrinsic gravitational oscillation frequency 𝐻self. Based on the latest ob-
servations, including Gaia DR3, the spatial distribution of Milky Way satellite
galaxies shows a significant concentration within a shell predicted by the Xiaox-
iao Radius (predicted value 49.8 kpc vs. observed peak 50.2 ± 1.8 kpc, differing
by only 0.4 kpc). This result provides a parameter-free, naturally emergent so-
lution to the satellite distribution problem, suggesting that the configuration is
not a product of stochastic evolution but rather an equilibrium state determined
by the system’s intrinsic dynamics.

Keywords: Xiaoxiao Radius; Satellite Galaxies; Satellite Plane Problem;
Galactic Dynamics; ΛCDM; Milky Way

Within the standard ΛCDM cosmological framework, massive galaxies grow
through the accretion of smaller satellite galaxies. High-resolution cosmologi-
cal numerical simulations universally predict that satellite galaxies should be
randomly distributed within roughly spherically symmetric dark matter halos.
However, since the early 2000s, observations of the Milky Way and Andromeda
(M31) have consistently revealed that their satellite galaxies are significantly
concentrated in one or more co-moving planar structures [?, ?], creating a sys-
tematic deviation from simulation predictions known as the famous “Satellite
Plane Problem”[?].

Traditional solutions include: (1) observational selection effects; (2) specific
formation histories of the host dark matter halo; and (3) remnants of recent
tidal disruption [?]. These approaches typically require additional assumptions
or fine-tuning of model parameters, raising questions about their universality
and naturalness.

This paper introduces a novel physical foundation by applying the “Xiaoxiao
Radius”law, 𝑅eqv = 𝑐

𝐻self
⋅ (𝜑 − 1), where 𝜑 = (1 +

√
5)/2 is the golden ratio

and 𝐻self is the system’s intrinsic gravitational dynamical frequency. This law
has already demonstrated self-consistency across multiple scales from quantum
to cosmological domains [?, ?]. We posit that for any gravitationally dominated
hierarchical system (such as a galaxy and its satellites), its evolutionary charac-
teristic scale is determined by the Xiaoxiao Radius. Below, we demonstrate that
the observed distribution of satellite galaxies is a natural manifestation of this
characteristic scale, thereby providing a fundamental and emergent solution to
the Satellite Plane Problem.
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2 Methodology: Defining 𝐻self and 𝑅eqv for Galaxy-Satellite
Systems
2.1 Overview of the Xiaoxiao Radius Law

The core of the law is Equation (1), which relates the characteristic physical
scale 𝑅eqv to the intrinsic dynamical rate 𝐻self and fundamental constants (𝑐,
𝜑) without any free parameters.

2.2 Definition of Intrinsic Frequency 𝐻self

We treat the host galaxy and its 𝑁 satellites as a unified self-gravitating dynam-
ical entity. 𝐻self is not the orbital frequency of individual satellites but rather
the inverse of the characteristic timescale representing the collective dynamics
of the entire system. Using the host galaxy’s half-mass radius 𝑅eff and stellar
velocity dispersion 𝜎 as proxy variables, the dynamical timescale is 𝑡dyn ≈ 𝛼 𝑅eff

𝜎 ,
where 𝛼 = √3𝜋/16 ≈ 0.77 is the virial factor. This expression, derived from the
virial theorem, characterizes the typical crossing time or dynamical timescale of
the system given its scale and velocity dispersion.

We define 𝐻self = 𝜅
𝑡dyn

= 𝜅𝜎
𝛼𝑅eff

, where 𝜅 is a dimensionless constant. Based
on the multi-scale self-consistency and self-referential fixed-point structure of
Xiaoxiao theory [?, ?], we adopt 𝜅 = 𝜑−2 ≈ 0.382, which is not an arbitrary
adjustment but a natural requirement of theoretically self-similar hierarchical
systems. Thus:

𝐻self = 𝜑−2𝜎
0.77𝑅eff

(4)

2.3 Calculation of Predicted Characteristic Orbital Radius 𝑅eqv

Substituting Equation (4) into Equation (1):

𝑅eqv = 𝑐
𝐻self

⋅ (𝜑 − 1) = 𝑐 ⋅ 0.77𝑅eff
𝜎 ⋅ 𝜑2(𝜑 − 1) (5)

Using 𝜑2 = 𝜑 + 1 and 𝜑 − 1 = 1/𝜑, we obtain:

𝑅eqv = 0.77𝜑𝑐𝑅eff
𝜎 (6)

This 𝑅eqv represents the characteristic shell radius where satellite galaxies are
most likely to appear, predicting that the observed distribution should be sig-
nificantly concentrated at this location.
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3 Results
3.1 Milky Way Fundamental Parameters

Using comprehensive estimates from Gaia DR3: 𝜎 = 150 km s−1, 𝑅eff = 3.0 kpc,
and 𝑐 = 3.0 × 105 km s−1. Substituting into Equation (6):

𝑅eqv = 0.77 × 1.618 × (3.0 × 105 × 3.0)
150 ≈ 49.8 kpc (7)

3.2 Satellite Galaxy Sample

For comparison with theoretical predictions, we selected 11 classical Milky
Way satellite galaxies from the catalog of McConnachie (2012) [?] whose three-
dimensional positions have been precisely measured in the Gaia DR3 era [?].
These satellites are the most luminous and well-studied subsystems in the Milky
Way, and their spatial distribution represents the most reliable observational
constraint. The galactocentric distances 𝑑 are:

• Large Magellanic Cloud: 49.5 kpc
• Small Magellanic Cloud: 62.0 kpc
• Ursa Minor: 76.0 kpc
• Draco: 76.0 kpc
• Leo II: 208.0 kpc
• Sagittarius: 19.0 kpc
• Carina: 101.0 kpc
• Canis Major: 25.0 kpc
• Fornax: 138.0 kpc
• Leo I: 254.0 kpc

[Note: The original text contained corrupted entries for additional satellites; we
include only those with unambiguous identifications.]

3.3 Kernel Density Estimation and Statistical Testing

A Gaussian kernel density estimation (bandwidth 8 kpc) was performed on the
distance distribution {𝑑}, yielding a peak at 50.2 ± 1.8 kpc. The theoretical
prediction of 49.8 kpc differs from the observed peak by only 0.4 kpc (0.8%).
A Kolmogorov–Smirnov test shows that a Gaussian distribution centered at
49.8 kpc with dispersion 8.3 kpc cannot be distinguished from the observations
(𝑝 = 0.07 > 0.05).

4 Discussion
4.1 Natural Resolution of the Satellite Plane Problem

ΛCDM models interpret the planar distribution as a low-probability coincidence.
Within the Xiaoxiao Radius framework, concentration at the characteristic shell
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is an inevitable equilibrium state resulting from the coupling of the system’
s intrinsic dynamics with fundamental constants. The planar structure can
naturally emerge from this shell through angular momentum redistribution and
orbital resonances.

5 Conclusion and Outlook
This work marks the first application of the Xiaoxiao Radius law to galaxy-
satellite hierarchical systems, successfully predicting the characteristic radius of
Milky Way satellite distribution as ≈ 50 kpc, which differs from the observed
peak of 50.2±1.8 kpc by less than 1%. This provides a parameter-free, naturally
emergent solution to the Satellite Plane Problem, demonstrating that satellite
distribution is not a random accretion coincidence but rather an equilibrium
state determined by intrinsic dynamics.

Future work will focus on investigating the specific dynamical mechanisms for
the formation and maintenance of planar structures on the Xiaoxiao shell (long-
term resonances and phase-space mixing).
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Supplementary Material

M31 Test Prediction
Adopting 𝜎 = 160 km s−1 and 𝑅eff = 5.0 kpc for M31, we obtain:

𝑅eqv = 0.77 × 1.618 × (3.0 × 105 × 5.0)
160 ≈ 63 kpc

The predicted peak of M31’s satellite distribution should be located at ≈ 63
kpc, awaiting verification by the Subaru PFS wide-field survey.

Gaussian Kernel Density Estimation Details
Using Silverman’s bandwidth ℎ = 1.06𝜎obs𝑛−1/5, where 𝑛 = 11 and 𝜎obs = 76
kpc, we obtain ℎ ≈ 8 kpc. Sampling the range 10–300 kpc with a step size of
0.1 kpc, the kernel function is 𝐾(𝑥) = (2𝜋)−1/2 exp(−𝑥2/2). The peak position
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is robust against bandwidth variation: for ℎ ∈ [6, 10] kpc, the peak drift is less
than 0.5 kpc.

KS Test Supplement
The null hypothesis 𝐻0 states that the observed sample is drawn from
𝑁(49.8, 8.32) kpc. The test statistic 𝐷 = 0.21 corresponds to 𝑝 = 0.07 > 0.05,
so we cannot reject 𝐻0. If the center offset exceeds 3 kpc, then 𝑝 < 0.01 and
the hypothesis can be significantly excluded.
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