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Opportunities at the small scales

3

Adapted from E. Nadler Rubin Euclid CSST

Blue-titled Primordial Power Spectrum
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van den Bosch’ lecture note

Griffen et al. ‘16

Dwarfs
M2 from NASA

Astronomy today

Globular clusters
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GCs & dwarf galaxies
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Based on Local Volume Database 
Pace ‘24

Similar size, 
luminosity, 
chemical 
decomposition 
……  
They are difficult 
to distinguish 
observationally.

St
el

la
r m

as
s

<latexit sha1_base64="e2s4l6QQKomvtYE7Dd1ylqKpVCk="></latexit>

1010 M→

<latexit sha1_base64="zts2aTK4iwDd9ac7UOMx/R3XZ+Y="></latexit>

108 M→

<latexit sha1_base64="JwRbuO/relo5j7ReM+Lnq9s8Ge8="></latexit>

106 M→

<latexit sha1_base64="HwdHmKZbSwFwDJALtrFn0uyGNtk="></latexit>

104 M→

<latexit sha1_base64="bvX3QSsw0fQoztul7zX6Sa6QYes="></latexit>

102 M→

<latexit sha1_base64="6o2pulYqEzbmkWkqnSUaQjoUE4E="></latexit>

1M→



Yi-Ming Zhong19 August 2025

Motivation
GCs and ultra-faint-compact dwarfs may come from same type of 
progenitor.


More test is needed.  Simulate stellar-dark matter systems.


More generally, it is interesting to understand the evolution of a two-
component system.

→

6

Baumgardt & Mieske ’08, Ardi & Baumgardt ’20

Stars Dark matter🤝

🤔
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Dynamical evolution

7

Dynamical evolution: 
Core collapse & mass segregation 


First studied for GCs with stars with 
different masses.


Later on other systems.
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Baumgardt & Mieske ’08 (BM08)

Stars

Dark matter

5%
50%

5%

50%

 > m⋆ mDM

Dynamical evolution
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Simulation methods
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N-body 
simulation

Amount of 
Time

# of assumptions

Semi-analytical 
simulation

First-principle but (1) it is 
computationally expensive, difficult 

to scan (2) noisy

Based on more assumptions but faster to run
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Simulation methods

10

Amount of 
Time

# of assumptions

Conduction fluid 
model 👈👉

Model self-gravitating components as 
hydrostatic-equilibrium fluids;  

Use kinetic theory to evolve the system



Method
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Model star/dark matter as fluid
Does cold dark matter behave as a conducting fluid? 


No. The relaxation takes too long. 
 

   or  


To apply kinetic theory, fluid needs to satisfy 
.

t2−body = 𝒪 ( N
ln N ) tdyn λ = 𝒪 ( N

ln N ) H

d ≪ λ ≪ H

12

H
λ

Mean free path Scale height

d
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Lynden-Bell & Eggleton ’80 built an ad-hoc 
conductivity for core collapse of GCs.


The conduction fluid model yields results in good 
agreement with N-body / Fokker-Planck simulations.


Let us treat cold dark matter as a fluid.

13

D. Lynden-Bell P. P. Eggleton

Model star/dark matter as fluid

Conductivity
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Two-fluid setup
Consider a progenitor galaxy consisting of a heavier fluid ( ) and a lighter 
fluid ( ). Both are spherical, conducting, non-rotating fluids.

h
l

14

Heavier fluid

Lighter fluid

r

r

rh,1

rl,1

rh,2 rh,3

rl,2 rl,3
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One-fluid equations
Mass conservation 

Linear momentum conservation 

Energy conservation 

Conduction (closing condition)

15
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Two-fluid equations
Mass conservation 

Linear momentum conservation 

Energy conservation 
 

Conduction

16
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Dynamical interaction (local)
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Initial condition

Initial profiles: Plummer 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Two-fluid simulation procedure

19

Conduction & 
interaction

Hydrostatic 
relaxation

Semi-implicit method

Solve a  tridiagonal matrix 2N × 2N

Solve a  
sparse matrix

2N × 2N

t → t + Δt

h r

r

rh,1

rl,1

rh,2 rh,3

rl,2 rl,3
l …
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Two-fluid simulation procedure

20

Conduction & 
interaction

Hydrostatic 
relaxationRealignment

Semi-implicit method

Solve a  tridiagonal matrix 2N × 2N

Solve a  
sparse matrix

2N × 2N

t → t + Δt

h r

r

rh,1

rl,1

rh,2 rh,3

rl,2 rl,3
l



Result & Application
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Self-consistency checks

One-fluid limit. Agree w/ Shapiro ’18 
✅
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Self-consistency checks

One fluid splitting in two:


Two fluids evolve according to the 
splitting ratio.✅

23

Also tried 
other splitting 
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Self-consistency checks
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One fluid splitting in two:


The sum of the two fluids agrees w/ 
one fluid. ✅

**Black lines are under blue lines**

Also tried 
other splitting 
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Fluid vs. N-body

Simulate benchmark I of BM08: 
 and 

 and identical initial 
Plummer profiles. 


Observe core collapse of heavier 
fluid and suppression of lighter fluid.

< m⋆ > = 0.34 M⊙
mχ = 0.03 M⊙

25
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Fluid vs. N-body

Observe mass segregation in the 
evolution of Lagrangian radii.

26
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Fluid vs. N-body

27

0 2 4 6 8 10 12

t/trh?

10°2

10°1

100

101

r/
r s

[1
%

,5
%

,1
0%

,2
0%

,5
0%

,9
0%

]

Star (This work)

DM (This work)

Star (Baumgardt & Mieske (2008))

DM (Baumgardt & Mieske (2008))

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

t/tfric

0.0

0.2

0.4

0.6

0.8

1.0

M
D

M
/M

§

r < r5% (This work)

r < r50% (This work)

r < r5% (Baumgardt & Mieske (2008))

r < r50% (Baumgardt & Mieske (2008))

Reasonable agreement with BM08.


Go deeper in the core-collapse 
region.
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Fluid vs. N-body

28
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Observe dark matter mass depletion 
in the inner halo in the enclosed 
mass ratio  evolution.


Reasonable agreement with BM08.


Similar agreements for other 
benchmarks of BM08.

Mχ /M⋆
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Scan initial profiles

Consider the mass hierarchy . 
Motivated by mass windows of 
primordial black holes (PBHs).


Scan initial Plummer profiles w/
 and 

.

ml ≪ mh

ρsl/ρsh = (0.1, 1, 10)
rsl/rsh = (0.5, 1, 2)

29

PBH constraints
Carr & Kuhnel, ‘22
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: core-collapse time tc
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: core-collapse time tc
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Consider an extreme case, 
 and dwarfs (GCs) 

are mostly made of  ( ),


The dynamical evolution timescale for 
the dwarfs is 

mχ ≪ m⋆ ≪ mψ
ψ χ

103 104 105 106 107 108 109

Mdyn [MØ]

108

1010

1012

1014

1016

th 0
[y

r]

m¬ ø m?

GC collapsed

GC not collapsed

Dwarfs

103 104 105 106 107 108 109

Mdyn [MØ]

108

1010

1012

1014

1016

th 0
[y

r]

GC collapsed (m¬ ø m?)

GC not collapsed (m¬ ø m?)

Dwarfs (m? ø m√)

Typical Age

<latexit sha1_base64="s0VC8bT4M3vnhRpEbfv9T7ojVNM="></latexit>

mω = 20M→

<latexit sha1_base64="clBcXdFlePef2XZ9N2RK5mzukug="></latexit>

tω0 =
4.3→ 105 yr

ln(2ωMtot/mω)

(
20M→
mω

)(
Mtotω

M→

)1/2 (rsω
pc

)3/2

.



Yi-Ming Zhong19 August 2025
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Assuming , dark matter 
core-collapse only occurs in dwarf 
galaxies with smallest dynamical 
mass. 
 
(Estimate  using concentration-
mass-redshift Ludlow et al. ’16)
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Summary
Understanding the origin of ultra-faint-compact dwarfs is interesting and 
important.


The conduction fluid model can effectively simulate the dynamical evolution 
of stellar-dark matter systems.


The timescale is around the central relaxation time of the heavier component.


Mass segregation alone is not sufficient to deplete the lighter component, 
especially at large radii. 


Caveats/future work: tidal interactions, binary, central black hole…  
CDM  SIDM.→
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