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Outline

4+ Introduction
+ Method: conduction fluid simulations
+ Results and applications to local globular clusters (GCs) and dwarfs

+ Conclusion
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Opportunities at the small scales
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GCs & dwarf galaxies
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Similar size,
luminosity,
chemical
decomposition
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to distinguish
observationally.

Based on Local Volume Database
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Motivation

+ GCs and ultra-faint-compact dwarfs may come from same type of -

progenltor. Baumgardt & Mieske °08, Ardi & Baumgardt '20

*+ More test is needed. — Simulate stellar-dark matter systems.

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

|
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Dynamical evolution

+ Dynamical evolution:
Core collapse & mass segregation

* * *\ ) ¢ + First studied for GCs with stars with

different masses.

*\ * y * + Later on other systems.

—_——

*
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Dynamlcal evolution

Baumgardt & Mieske 08 (BMO08)
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Simulation methods

Amount of
Time

N-body Flrst.-prlnmple but (j) it s
_ ! computationally expensive, difficult
simulation to scan (2) noisy

Semi-analytical

simulation

Based on more assumptions but faster to run

# of assumptions
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Simulation methods

Amount of
Time

Model self-gravitating components as
hydrostatic-equilibrium fluids;
Use kinetic theory to evolve the system

" Conduction fluid s
- model -

# of assumptions
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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.

N
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Model star/dark matter as fluid

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

: : : _ P. P. Eggleton
+ The conduction fluid model yields results in good

agreement with N-body / Fokker-Planck simulations. o — I{()\) N )\2/7_

I

k=k(H)~H*/T

4+ Let us treat cold dark matter as a 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.

Heavier fluid

Lighter fluid
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One-fluid equations

oM

+ Mass conservation = 4grr? 0
or
+ Linear momentum conservation vE — VP
P
+ Energy conservation dw = Tds + Vdp
L 0T

+ Conduction (closing condition)

Arr2 - Or
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Two-fluid equations

+ Mass conservation OMn _ 402 on oMy _ Amrp;.
or " Or
| | 1 O (pno 1 0 (p;o G(M; +M
+ Linear momentum conservation (pron) _ L9leor) G | ).
pp  Or p;  Or r
9 D 1 0'2 B 1 6Lh R
+ Energy conservation PRI\ Dt ) o)~ 4mr? or
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Dynamical interaction (local)

Change of velocity in a single collision Change of energy in a single collision

my . Up — U
Avy, = ‘”Uh — 'vl| (n ) » AE[ — M oc\MV A’U[ — —MupLOCM - Afvh

my + mp v, — v l

d{F do
Average rate <dtl> — mmh/dgvlfl /dgvhfh\vl — ’Uh| /dndﬁUCM - A’Ul
l Gravitational interaction
d(E 4(2m)1/2G2 In A
R = ny ) — (2m) Onf ! (th}QL —mmf)

dt (07 + 07)3/?

See e.g. Graham & Ramani ‘23
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Initial condition

10" —r——rrrm

+ Initial profiles: Plummer
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Two-fluid simulation procedure

I = t+ At

Conduction &
Interaction

Solve a 2N X 2N

sparse matrix
h @-} . Semi-implicit method
I . Hydrostatic
relaxation

Solve a 2N X 2N tridiagonal matrix
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Two-fluid simulation procedure

I = t+ At

Conduction &
Interaction

Solve a 2N X 2N
sparse matrix

Semi-implicit method

Hydrostatic
relaxation

Realignment

Solve a 2N X 2N tridiagonal matrix

19 August 2025 Yi-Ming Zhong



Result & Application



Self-consistency checks

1010
107 t/t -
108 F -
ol 0.0
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4+ One-fluid limit. Agree w/ Shapiro '18
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Self-consistency checks

Also tried
. &) =W other splitting

107 | e t/tgne—ﬂuid -

10® | \\ 0.0 -

+ One fluid splitting in two: 107 \ 5.50 |-

107 AN -~ 5.661 |

. . 5 10T TN -~ 5.662 |-

+ Two fluids evolve according to the T |

splitting ratio.t4 g
S 107
10*
10"
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+ One fluid splitting in two:

4+ The sum of the two fluids agrees w/

one fluid.
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0 / pgne—ﬂuid

Self-consistency checks

Also tried
) £:¢) =L other splitting
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Fluid vs.

+ Simulate benchmark | of BMOQOS8:
<m, >=0.34M, and

m, = 0.03 M, and identical initial
Plummer profiles.

+ Observe core collapse of heavier
fluid and suppression of lighter fluid.
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Fluid vs. N-body

101:- :
S S P
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+ Observe mass segregation in the s R
evolution of Lagrangian radlii. =X
N
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Fluid vs. N-body
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+ Reasonable agreement with BMO8S.

+ Go deeper in the core-collapse
region.

p—t
-
L

Star (This work
_ M (This work)
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Fluid vs.

r < rsy (This work)

_ " r < rgoy (This work)
+ Observe dark matter mass depletion osl '— <1y (Baumgardt & Mieske (2008))
In the Inner halo In the enclosed R- 7 <7y (Baumgardt & Mieske (2008))

mass ratio M,/M evolution.

+ Reasonable agreement with BMOS.

4+ Similar agreements forother | WY T -
benchmarks of BMOS. '
— ;6—— 375 4./0 /
1/2 3/2
teric = 0.416 Gj\lf/t;;z?ﬁl%/: .
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Scan initial profiles

+ Consider the mass hierarchy m; << m,,.

1077 10 10 |
Motivated by mass windows of VTR
primordial black holes (PBHSs). e \/A\,/
$ s |
+ Scan initial Plummer profiles w/ &
£ 1074¢ A B

pqlpg, = (0.1, 1, 10) and
rSl/rSh — (0'59 19 2) [EaB

10 1015 1020 1025 1030 1035 1040 1045

M [grams]

PBH constraints

Carr & Kuhnel, ‘22
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Core-collapse at
. = few X 1.

P/ Po
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Central relaxation time
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Sub-M, dark matter

| . 1016
+ Time for mass segregation and core Ty < 1T = 1,

collapse =~ central relaxation time of GC collapsed

- 10
the heavier component. o ot colapsed
. . E 1012
+ Itm, < m,, the dynamical evolution =
timescale is ot
P 5.8 x 10° yl Mg Mot 12 T'50%% 32 . *
0 In(2y Mot /my) \ my M pC et 10* 105 106 107 108 10°

Selected from Harris GCs & Local Volume Database
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Sub-M, dark matter

mX << m*:].MQ

+ The majority of the GCs should show GC collapsed
dynamical evolution. GC not collapsed

Dwarfs

+ The majority of dwarfs show no stellar
core-collapse or mass segregation.
(except the ones with least stars.)
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Super-M, dark matter

. 106
+ Consider an extreme case,

m, <K m, << m

® GO collapsed (m, < my)
and dwarfs (GCS) *  GC not collapsed (m, < m,)

B Dwarfs (m, < my) m, =20Mg

Y 104
are mostly made of y (y),

.ﬁ. 1012

O

+ The dynamical evolution timescale for =

the dwarfs is ot

W 4.3 X 105 yr 20 M@ Mtotw 1/2 T s 3/2 108 ¥
tO — ln(Q’VMtot/mw) My M@ DC 10° 10 10° 10° 107 108 10°
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Super-M, dark matter

+ Assuming m,, = 20 M, dark matter ® GO collapsed (m, < m,)

4 _ *  GC not collapsed (m, < m,)
core-collapse only occurs in dwarf 8 Dwarfs (m, < my) my = 20M,
galaxies with smallest dynamical
mass.

(Estimate r,,, 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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