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Motivation
Need to test collisionless paradigm on sub-
galactic scales

Dark sector models predict dark subcomponents 
that cool: They can effect galactic morphology

Goal: Investigate effects of dissipative dark 
matter (atomic dark matter) in Milky Way-mass 
galaxies
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Planck Collaboration (1807.06209)
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Does a dark disk form? 

Does it collapse into clumps?
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Net ⃗L

Fan et al. (1303.1521)

Ghalsasi et al. (1712.04779)

Does a dark disk form? 

Does it collapse into clumps?

If dark disk forms, can we observe it?

We simulated it! Results look very different!

Kramer et al. (1604.01407), Schutz et al. (1711.03103), 
Buch et al. (1808.05603), Widmark et al. (2105.14030)

(evolution.calpoly.edu/milky-way-galaxy)

http://evolution.calpoly.edu


Atomic Dark Matter Intro & 
Simulation Setup
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ADM Parameters (Five Numbers…)
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me′ 

f′ =
ΩADM

Ωm

ξ′ =
T′ 

TCMB

No dark nuclear physics No dark stars No dark supernovae (SN)→ →

α′ 
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GIZMO: N-Body Hydrodynamics Code
CDM

Physics Particles

All

Baryonic & ADM gas

Baryonic stars (& gas)

GAS CLUMPS

ADM

GAS STARS

Hopkins et al. (1409.7395 & 1702.06148)
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Simulation Parameters

9

CDM ADM-1 ADM-2CDM-NF
(No FB, no UV background)

f′ 0 0 5 % 5 %

me′ 
/me

mp′ 
/mp

α′ /α

≈ 0.5 ≈ 0.5

≈ 1 ≈ 1

0.5−1/2 ≈ 1.4 2.5

ADM gas in ADM-2 cools faster than in ADM-1 



Final Results
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ADM Backreaction on Baryons

ADM concentrates centrally, enhances central density of baryons & CDM

ADM in ADM-2 destroys the baryonic gas! (probably ruled out)
12

CDM ADM-1 ADM-2
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Summary
Simulated a galaxy with 5% ADM, varying .α′ 

Instead of forming a dominant thin disk (like baryons do), ADM gas collapses 
considerably without dark feedback. 

Forms a thick disk and spheroidal distribution of dark “clumps” in the central 
galaxy.

The central ADM enhances the inner galactic density of CDM and baryons, 
boosting the inner rotation curve (potentially beyond observable limits). 

What about the outer substructure of the galaxy? See Caleb’s talk next!

13
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What We Did

Modified cosmological hydrodynamics code to simulate it! Can simulate CDM, 
ADM & baryons together.

Ran simulations of Milky Way-mass galaxies with ADM. 

Found that even ~5% ADM can have significant effects on galactic scales! 

15
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Initial Conditions/Cosmology

17

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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Zoom-In Simulations

Particle Mass 

18

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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tcool , ADM 2 < tcool , ADM 1

ADM 2 gas disk accretes faster

Pmin ∝ Tcut−off

ρcollapse , ADM 2 > ρcollapse, ADM 1

ADM 2 harder to fragment

Lacking feedback will likely increase gas 
collapse and fragmentation
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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′ 

21

xe′ 
=

⟨σionisev⟩
⟨σionisev⟩ + ⟨σrecombinev⟩

xH′ 0
=

⟨σrecombinev⟩
⟨σionisev⟩ + ⟨σrecombinev⟩
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Caveat: Baryons have more criteria (fixed , molecular, etc.)ρstar



Baryonic Star and ADM Clump Formation
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z > 0.78

z < 0.23

z ∈ {0.23, 0.78}

Formation Redshift 
Color Map 



Enclosed Mass Profiles

24



Baryon and CDM 
Density Profiles
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Dark Matter 
Density Profiles
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Circular Velocity Profiles
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Morphology
z = 0
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Morphology
z ∼ 1
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ADM-2ADM-1CDM CDM-NF
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Gas  
Evolution
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Morphology Metrics
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Orbital Circularities
Method based on Abadi et al. (0212282)
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Central Density Evolution
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ADM Gas
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ADM Clumps

Simulation videos are viewable at rb.gy/et2q0
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ADM Gas
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ADM Clumps
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ADM Gas
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ADM Clumps
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Cooling Rate with Varying ADM Parameters
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