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Motivation Need to test collisionless, CDM paradigm on sub-
galactic scales

Dark sectors are theoretically motivated (hierarchy 
problem, Hubble tension, etc.)

Dark sectors can comprise dissipative subfractions

Goal: Investigate effects of basic, dissipative dark 
sector model (atomic dark matter) in dwarf 
galaxies
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(evolution.calpoly.edu/milky-way-galaxy)

We simulated aDM in dwarf galaxies

Fairly complicated? Aggressively-cooling is actually simple!

http://evolution.calpoly.edu
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Final results
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aDM Parameters (Five Numbers…)
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aDM Implementation in GIZMO
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GIZMO: N-Body Hydrodynamics Code

CDM GAS CLUMPS

aDM

Hopkins et al. (1409.7395 & 1702.06148); S. Roy et al. (2304.09878)
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Simulation Parameters
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Varying Cooling Strength & Binding Energy
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Varied cooling rate over several orders of 
magnitude,  kept constantE′ b

Varied  between 0.1 and 0.5Eb′ 
/Eb

Kept  and f′ = 6 % mp′ 
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Fiducial Simulation Density Profile
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aDM clumps dominate inner halo

CDM dominates outer halo
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aDM Clump Densities
They agree to a factor ≲ 2

Almost identical inner slope

Slower cooling aDM is less dense

Aggressive cooling -> inner equilibrium
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Summary and Implications
6% aDM: the inner densities increase a lot!

Aggressive-cooling: universal density profiles

Will constrain aDM w/ dwarf velocities

Other interesting observables are welcome! 
(21-cm, see Jared’s talk! Lyman-Alpha, see 

Caleb’s talk!)
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Cooling and Collapse at High Redshift

Clumps begin forming at high redshift

Rapid aDM cooling occurs at high redshift

Equilibration of aDM in aggressively-
dissipative regime
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Zoom-In Simulations

Particle Mass 

23

zinit ≈ 100

average, low-res fluid:  
δtotal = ∑

i

fi δi

high-res fluids:  
δcdm, δbaryon, δadm

(1010 M⊙)

Hahn & Abel (1103.6031)

Simulation
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Initial Conditions/Cosmology
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Modified Einstein-Boltzmann Solver (CLASS)

Dark recombination

δGμν = 8πG (δTμν + δTμν
ADM)

Input 
δADM(k, zi)

me′ = 3me

mp′ = 1.3 mp

α′ = α
f′ = 1 %
ξ′ = 0.4

Lesgourgues (1104.2932)

Based on Barron et al. (2212.02487) , Bansal et al. 
(2110.04317) & Cyr-Racine et al. (1209.5752)

+
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How Dense Can the Gas Become?

Instability Criterion: 

tff
ts

∼
1/ Gρ

R/cs
∼

1
R

⋅ ( kT
mp′ 

G ρ )
1/2

< 1

25

R
M
ρ
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c2
s = kT/mp′ 

GAS

 ρ >
1

R2
⋅ ( kT

mp′ 
G ) ADM gas Clump→

Caveat: Baryons have more criteria (fixed , molecular, etc.)ρstar
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Ionisation-Recombination Equilibrium
Given a neutral gas cell with temp , what is the ionisation fraction? 

If  and define  where  and 
 then can assume 

T

tionise, recombine ≪ tdynamical xi = ni/nH′ 
nH′ 

= np′ 
+ nH′ 0

ne′ 
= np′ 

⟨σionisev⟩ xe′ 
xH′ 0

≈ ⟨σrecombinev⟩ xe′ 
xp′ 

26

xe′ 
=

⟨σionisev⟩
⟨σionisev⟩ + ⟨σrecombinev⟩

xH′ 0
=

⟨σrecombinev⟩
⟨σionisev⟩ + ⟨σrecombinev⟩
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Cooling Rate with Varying ADM Parameters
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Fiducial Simulation 
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Effect of ξ′ 
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Baryon Stars

Simulation videos are viewable at rb.gy/et2q0

http://rb.gy/et2q0
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Effects of aDM in Milky Way-Mass Galaxies

We broke the Milky Way :)
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S. Roy, et al. (2304.09878); C. Gemmell, S. Roy, et al. (2311.02148)
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MW Morphology
z = 0
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MW Morphology
z ∼ 1
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MW Gas  
Evolution
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MW Morphology Metrics
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MW Orbital Circularities
Method based on Abadi et al. (0212282)
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MW Central Density Evolution
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MW Central ADM Evolution (ADM-1)
ADM Gas
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ADM Clumps

Simulation videos are viewable at rb.gy/et2q0

http://rb.gy/et2q0
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ADM Clumps

Simulation videos are viewable at rb.gy/et2q0
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