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Time-varying gravitational fluctuations induced by ultralight dark matter (ULDM) are expected to

stochastically heat self-gravitating systems and drive them toward more diffuse configurations. Here

we show that this intuition breaks down for sufficiently compact systems. We uncover a

counterintuitive dynamical mechanism in which external heating can accelerate, rather than suppress,

relaxation-driven core collapse. Using numerical simulations of compact stellar systems embedded in

fluctuating backgrounds induced by ULDM, we find that their long-term evolution is governed by a

nontrivial competition between two-body relaxation and stochastic heating, leading to distinct

evolutionary outcomes, including core collapse, disruption, and quasi-stationary configurations. We

further introduce a dimensionless parameter that quantifies the relative importance of relaxation and

heating, which helps organize these regimes into a predictive phase diagram. Near the disruption

boundary, we identify remnants with properties resembling those of ultra-faint dwarf galaxies. Our

results reveal a previously unrecognized dynamical phase structure of self-gravitating systems in

fluctuating gravitational backgrounds, with important implications for small-scale probes of ULDM.

Correspondence: papers@team.qeios.com — Qeios will forward to the authors

Introduction

Ultralight dark matter (ULDM) [1][2][3][4] forms halos with a distinctive wave-like structure, characterized

by persistent density granules arising from field interference. The resulting fluctuations in the

gravitational potential act as a source of dynamical heating for embedded stellar systems  [5][6][7][8], and

are traditionally expected to drive them toward more diffuse configurations and larger spatial extents [9]
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[10][11][12][13][14][15]. Consequently, small-sized objects, such as nuclear star clusters [16][17][18] and ultra-faint

dwarf galaxies (UFDs) [19][20], are often regarded as sensitive probes of the ULDM particle mass.

However, this conventional picture implicitly assumes that external heating dominates the long-term

evolution. For sufficiently compact systems, internal two-body relaxation can proceed on timescales

shorter than the age of the Universe [21][22], giving rise to phenomena such as core collapse and envelope

expansion  [21]. While relaxation-driven evolution is well understood in isolated star clusters  [22][23], its

interplay with ULDM fluctuations remains largely unexplored.

In this Letter, we study the evolution of compact systems within ULDM halos. Using a hybrid numerical

framework that combines ULDM wave simulations  [24]  with direct  -body modeling of stellar

dynamics  [25], we find that the evolution is governed by a nontrivial competition between internal

relaxation and ULDM-induced heating, leading to multiple distinct dynamical outcomes. Remarkably, in

sufficiently dense systems, stochastic heating does not inhibit but instead accelerates relaxation-driven

core collapse by preferentially stripping weakly bound outer stars, resulting in more centrally

concentrated remnants. In contrast, initially more extended systems are dominated by heating and

ultimately disrupted. Near the disruption boundary, we identify remnants whose properties resemble

those of observed UFDs such as Segue 1  [26][27][28][29]. We further demonstrate that this competition

organizes the long-term dynamics into three distinct evolutionary regimes, which are captured by a two-

dimensional phase diagram.

Simulation setup

Owing to the large separation between the size of the stellar systems (  pc) and the ULDM coherence

length (  kpc), the ULDM potential varies smoothly across the system, allowing its leading-order effect

on the internal stellar dynamics (1) to be encoded in a time-dependent tidal tensor. We therefore adopt a

two-stage framework in which the global ULDM dynamics and the internal stellar evolution are treated

separately but consistently.

In the first stage, we exploit this scale separation by treating the stellar system as a mass point evolving

within the ULDM halo, recording its trajectory and the associated ULDM-induced tidal tensor. The ULDM

halo is evolved in an external tidal field motivated by Segue 1-like orbits [30], enabling a direct comparison

with observations. To facilitate a controlled comparison among different stellar configurations, we

perform a single first-stage simulation with a fiducial ULDM particle mass    using the

N
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= eVma 10−22
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PyUltraLight package  [24]  and apply the resulting tidal tensor to all second-stage simulations. Further

details are provided in the Supplemental Material.

To sample the relevant region of parameter space, we consider six representative initial conditions. The

stellar density profiles are taken to follow a Plummer profile  [31] ,

with parameters chosen to span a range of compactness. Initial conditions are generated in approximate

dynamical equilibrium using McLuster [32], and the adopted stellar masses  , particle numbers  , and

projected half-mass radii   are summarized in Tab. 1.

S1 S2 S3 S4 S5 S6

Table 1. Representative stellar systems used in this work.

In the second stage, we model the internal evolution of the stellar system using direct  -body simulations

subject to the external tidal tensor extracted from the first stage. The corresponding ULDM-induced

acceleration of a star at position   relative to the system’s center of mass   can be approximated to leading

order as

where    denotes the tidal tensor obtained from the first-stage simulation. These second-stage

simulations are performed using PeTar [25], a high-accuracy direct  -body code appropriate for collisional

stellar systems. For each initial condition, we carry out both a ULDM-influenced run and an isolated run

without ULDM. Over the full simulation time of  , the accumulated energy error in all isolated runs

remains below  , ensuring that numerical artifacts do not affect our conclusions. In the ULDM-

influenced simulations, the system’s center of mass is fixed at  , and the ULDM-induced acceleration

is incorporated through Eq. 1 for each stellar particle.
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Fig. 1 illustrates the temporal evolution of the projected stellar density profiles and velocity dispersions for

the six representative systems. Solid and dashed curves denote systems evolving in ULDM halos and in

isolation, respectively, while different colors correspond to different evolutionary times.

Stellar dynamics without ULDM

In isolation, sufficiently compact stellar systems undergo relaxation-driven core collapse. This evolution is

characterized by a progressive increase of the central density and a contraction of the core, accompanied

by an expansion of the outer envelope. These features are illustrated by system S1 (dashed curves in the

first panel of Fig. 1) and by the corresponding evolution of the projected surface density in Fig. 2. The core

radius (defined as in [33]) and Lagrangian radii (2) (dashed curves in Fig. 3) exhibit the canonical signatures

of this process: monotonic central contraction and envelope expansion (e.g., increasing  ) driven by

outward energy transport through two-body encounters.

The isolated evolution is governed by two-body relaxation on a characteristic timescale  [34], 

, where    is the mean stellar mass,    is the Coulomb

logarithm, and   and   denote the local mean-squared velocity and density, respectively. For the global

evolution of the system, the relevant timescale is the half-mass relaxation time [22][34],

where    is the three-dimensional half-mass radius, related to the projected half-mass radius by 

 under the assumption of spherical symmetry [29].

The parameter dependences implied by Eq.  2 are borne out by the isolated evolution of all our systems

(dashed curves in Fig. 1). For instance, S2 differs from S1 only by a larger initial size    and therefore

undergoes a slower collapse. Conversely, the larger total stellar mass   of S3 leads to a more rapid and

pronounced contraction, while the larger particle number    in S5 compared to S4 results in a slower

overall evolution. Taken together, these trends establish two-body relaxation as the sole driver of the

isolated dynamics and provide a controlled baseline for isolating the impact of ULDM-induced fluctuations

discussed below.
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Figure 1. Circularly averaged stellar surface density profiles projected along the  -direction (main panels) and

corresponding  -direction velocity dispersion profiles (insets) for the six simulated systems at different

evolutionary times. Colors indicate time, while solid and dashed curves denote evolution with and without

ULDM, respectively. Shaded regions in the last two panels show the scatter over 100 random viewing directions.

Observational data for Segue 1 are overplotted: stellar surface density from [27] (purple points) and line-of-sight

velocity dispersions from [28] (red and black points, corresponding to bins of 15 and 23 stars). The surface

density profile is normalized to a total stellar mass of  , consistent with observational uncertainties.

Accelerated core collapse

At first glance, relaxation-driven core collapse, which makes stellar systems more centrally concentrated,

and ULDM-induced heating, which tends to puff them up, are expected to counteract each other. One

would therefore anticipate that external heating generally suppresses or delays collapse. Contrary to this

expectation, we find that in sufficiently compact systems, ULDM heating can instead accelerate core

collapse.

z

z

∼ 800M⊙
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Figure 2. Stellar surface density maps of system S1 at different evolutionary times, projected along the  -

direction. The upper and lower rows show evolution without and with ULDM, respectively.

This behavior is evident in systems S1, S3, and S4, which lie in the collapse-dominated regime. In these

cases, the ULDM-influenced evolution (solid curves) exhibits a systematically faster increase of the central

density and a more rapid contraction of the core than in isolation (dashed curves), as shown in Fig. 1. The

projected surface density maps of S1 (Fig. 2) further illustrate this behavior: ULDM-induced fluctuations

preferentially strip weakly bound stars from the outskirts, leaving behind a remnant that is more centrally

concentrated than its isolated counterpart after 13 Gyr. Consistently, the core radius in the presence of

ULDM contracts significantly faster than in isolation, as seen from the comparison of the red solid and

dashed curves in Fig. 3.

This counterintuitive acceleration of collapse admits a simple physical explanation. From Eq. (2), ULDM

heating reduces the bound stellar mass, thereby shortening the global relaxation timescale. Alternatively,

heating-induced mass loss lowers the depth of the stellar potential, leading to a reduction of the velocity

dispersion   (inset of the first panel of Fig. 1). Through the dependence of the local relaxation time   on 

, this reduction enhances two-body relaxation. As a result, the characteristic relaxation time in

the inner regions drops substantially; for S1, the averaged relaxation time within    decreases to 

z

σ tr

≃ 3v2 σ2

r0.05
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 of its isolated value by the end of the evolution (inset of Fig. 3). From a thermodynamic perspective,

ULDM-induced stripping steepens the radial gradient of the velocity dispersion (inset of the first panel of

Fig. 1), effectively increasing the temperature contrast between the inner and outer regions. This enhances

the outward transport of energy and naturally drives a more rapid gravothermal contraction of the core,

analogous to self-interacting dark matter core collapse [35][36].

Figure 3. Time evolution of the core radius   and Lagrangian radii of S1, color-coded by enclosed

mass fraction. Solid and dashed curves show the evolution with and without ULDM, respectively.

The inset displays the ratio of the relaxation time averaged within   between the ULDM-

influenced and isolated cases, illustrating the ULDM-induced shortening of the inner relaxation

timescale.

Heating-dominated disruption

As the initial stellar distribution becomes more diffuse, ULDM-induced heating increasingly dominates

the evolution and, beyond a critical threshold, leads to complete disruption.

∼ 25%

rc
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This behavior is illustrated by the contrast between S1 and S2, which share the same total stellar mass and

particle number but differ in their initial half-mass radii. As shown in the second panel of Fig. 1, the more

extended system S2 undergoes rapid expansion and becomes nearly unbound within   Gyr. Meanwhile,

the velocity dispersion rises sharply, reflecting the continuous injection of energy by ULDM fluctuations

and the transition from a self-gravitating configuration to a dispersing state. This transition reflects two

generic effects: first, the lower initial density of more extended systems weakens their self-gravity relative

to the ULDM background; second, relaxation becomes inefficient owing to the scaling  , allowing

external heating to dominate the long-term evolution. Consistently, increasing the stellar mass by a factor

of five, as in S3, restores relaxation dominance and leads back to collapse-driven behavior (third panel of

Fig. 1).

A similar competition is seen in the comparison between S4 and S5, which share the same smooth density

profile but differ in particle number. The stronger two-body relaxation in S4 enables core collapse, with

ULDM fluctuations further accelerating the contraction while preserving overall stability. In contrast, the

weaker relaxation in S5 allows heating to prevail, driving the system close to disruption by  . This

comparison shows that, even for identical smooth density profiles, variations in relaxation efficiency

alone can qualitatively change the evolutionary fate.

Near disruption: Segue 1-analog system

Near the disruption boundary, ULDM-heated systems develop structural and kinematic properties that

resemble those of observed UFDs [26], [29]. As a representative example, we compare our simulations with

the UFD Segue 1, whose stellar surface density  [27]  and line-of-sight velocity dispersion  [28]  profiles are

shown in the last two panels of Fig. 1.

At  , system S5 approaches the disruption threshold and exhibits projected profiles broadly

consistent with the observations (red solid curves). The remaining bound population is small (  stars

within 60 pc), so projections along 100 random lines of sight display substantial scatter (shaded regions),

naturally encompassing the observed data. The steep central rise in the measured velocity dispersion may

point to additional physics not included here, such as the presence of a compact central object [37].

Although the particle mass in S5 ( ) is not representative of a realistic stellar mass spectrum [38],

we have verified that Segue 1-like systems can also be obtained with more realistic masses. In particular,

system S6, with particle mass of  , reproduces similar surface density and velocity dispersion

profiles at   (last panel of Fig. 1), albeit at a younger age.

∼ 1
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Overall, our results suggest that for a ULDM particle mass of  , Segue  1 can be interpreted as a

system observed near disruption  [15]. Our aim here is not to provide an exact evolution scenario for

specific UFDs, but to demonstrate that ULDM-induced heating, when combined with internal relaxation,

can give rise to a broad family of evolutionary pathways, among which UFD-like remnants emerge as a

generic outcome. Incorporating additional physics, such as a realistic stellar initial mass function  [38],

binaries  [39][40], and stellar evolution  [40], will further enrich this landscape and expand the range of

attainable morphologies.

Phase diagram

The long-term evolution of compact stellar systems in ULDM halos is organized into three distinct

dynamical regimes, controlled by the relaxation timescale  , the ULDM-driven disruption timescale 

  (3), for which we adopt the phenomenological estimate of

Ref. [15] in the regime  , and their ratio

with larger    indicating increasing dominance of ULDM heating. Extensive simulations reveal three

characteristic thresholds: for    ( ), relaxation (heating) remains dynamically

irrelevant over the age of the Universe ( ), while a critical ratio    separates heating-

dominated from relaxation-dominated evolution for moderate  . We emphasize that, in this sense, 

  and    act as characteristic timescale parameters rather than sharp transition points, with the

simulated onset of collapse or disruption differing by factors of order unity.

eV10−22

trh

= (3 /4π )( / )tdis M⋆ ρ̄̄̄ULDMR3
h

λdB σULDM

≪Rh λdB

α ≡ = 0.153( )
trh

tdis

N

104

4

lgN
( )

103M⊙

M⋆

3/2

( )
Rh

10pc

9/2

×( )( ) ,
mac

2

eV10−22

ρ̄̄̄ULDM

3.18 × 106M⊙kpc
−3

( )
σULDM

20kms−1

2

(3)

α

≳ 4.7Gyrtrh ≳ 85.0Gyrtdis

∼ 13Gyr α ≃ 0.05

N

trh tdis

qeios.com doi.org/10.32388/CFA66Q 9

https://www.qeios.com/
https://doi.org/10.32388/CFA66Q


Figure 4. Phase diagram of stellar systems within a ULDM halo with  eV. Filled circles, crosses, and

pentagrams denote systems undergoing core collapse, disruption, and quasi-stationary evolution, respectively.

Squares mark systems with strong collapse that are susceptible to numerical artifacts. Upward triangles,

downward triangles, and diamonds indicate intermediate cases between collapse and quasi-stationary,

disruption and quasi-stationary, and collapse and disruption, respectively, and are therefore difficult to classify

unambiguously. Colors encode different  . The six simulation sets S1-S6 are indicated separately.

Remarkably, stellar systems with different initial parameters    can be mapped onto a single

plane spanned by    (Fig.  4), reflecting the degeneracy between    and    implied by the

analytic scalings of  ,  , and  . Moreover, the three thresholds introduced above partition this plane

into three well-defined dynamical phases: a relaxation-dominated phase characterized by core collapse, a

heating-dominated phase leading to disruption, and a quasi-stationary phase in which neither process

operates efficiently. A small subset of the heating-dominated region lies at  , where extremely low

stellar densities cause any partial core contraction to be ultimately overwhelmed by ULDM-driven mass

loss. The simulated evolutionary outcomes, marked by different symbols, populate well-separated regions

of this phase diagram, demonstrating the predictive power of this classification.

The near-intersection of the three phase boundaries is not coincidental. At the intersection of the   and 

 boundaries, both relaxation and heating become relevant at  . As a result, the two effects are

comparable at this point, and it therefore naturally lies on the critical    boundary. This convergence

further demonstrates the consistency between the analytic scalings and the simulations.
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Taken together, this phase diagram provides a unified and predictive framework for understanding the

fate of compact stellar systems in ULDM halos, revealing that their long-term evolution is organized into

distinct dynamical phases. Finally, we emphasize that the above analysis is performed at fixed ULDM

particle mass, halo, and orbital parameters, and therefore isolates the dependence on the initial stellar

system properties. Whether the scalings with these former quantities follow Eq. 3 remains to be explored.

Conclusions

We have demonstrated that the evolution of compact stellar systems embedded in ULDM halos is

governed by a nontrivial competition between internal relaxation and wave-induced heating. Contrary to

naive expectations, ULDM-driven heating does not generically suppress gravitational collapse; instead, in

sufficiently compact systems, it can accelerate relaxation-driven core collapse. This competition organizes

the long-term dynamics into three distinct evolutionary regimes, encapsulated in a single phase diagram.

This classification provides a predictive framework for assessing the fate of stellar systems in ULDM

halos. Our results establish compact stellar systems as sensitive dynamical probes of ULDM and open a

new pathway for confronting ULDM models with observations.
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Footnotes

1 This effect has two physically distinct contributions. One originates from the intrinsic wave interference

of ULDM, which generates time-dependent fluctuations in the gravitational field and induces stochastic

dynamical heating. The other arises from tidal forces associated with spatial gradients of the smooth,

time-averaged ULDM potential when the stellar system is displaced from the halo center. Our simulations
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incorporate both effects self-consistently, and we collectively refer to their combined impact as ULDM-

induced heating.

2 The Lagrangian radii denote the three-dimensional radii enclosing fixed fractions of the total stellar

mass.

3 Since the stellar system undergoes bounded orbital motion within a region of characteristic size 

 around the halo center (see Supplemental Material), the mean ULDM density is taken to be 

.
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