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Looking for the Dark through 
the Light
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Bullet Cluster
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Bullet Cluster Rotation Curve
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Bullet Cluster Rotation Curve

Megan Materson: astrowiki

CMB
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Bullet Cluster Rotation Curve

Megan Materson: astrowiki

CMB

And so much more! 
Velocity dispersion, Lyman Alpha, 

Structure formation, …
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Image source: https://kids.frontiersin.org/

CDM

https://kids.frontiersin.org/article/10.3389/frym.2017.00029
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Image source: https://kids.frontiersin.org/

WDM

https://kids.frontiersin.org/article/10.3389/frym.2017.00029
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Image source: https://kids.frontiersin.org/

Or something else?

https://kids.frontiersin.org/article/10.3389/frym.2017.00029
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Image source: https://kids.frontiersin.org/

Or something else?
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Snowmass Cosmic Probes of Dark Matter Report (2209.08215)

https://kids.frontiersin.org/article/10.3389/frym.2017.00029
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Looking for subhalos using Paleo-detectors 

1. Estimating yearly Encounter rate 

2. Paleo-detectors 

3. Constraining subhalo properties
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So how much more ???
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Subhalo Encountering Rate

•  is the differential rate of subhalo encountering events in unit of counts per year per 

solar mass

dRsub

dMsub
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dRsub

dMsub
= ∫

dnsub

dMsub
f(v)vσ(v, Msub)dv

v0



•  is the local differential number density of subhalos in unit of number of subhalos per 

 per solar mass

dnsub

dMsub
pc3 dNsub

dMsub
= a0 ( Msub

m0 )
β

Springel et al, 0809.0898

nsub ∝ exp[−
2
α (( r

r−2 )
α

− 1)]

dRsub

dMsub
= ∫

dnsub

dMsub
f(v)vσ(v, Msub)dv
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Local Differential Number Density



• Cross-Section: 

 

•  is the maximum impact parameter 
such that the closest approach point of the 
subhalo has a density higher than the local 
dark matter density 

σ(v, Msub) = ∫
2π

0
dϕ∫

bmax

0
bdb = πb2

max

bmax

0.3GeV/cm3 b

dRsub

dMsub
= ∫

dnsub

dMsub
f(v)vσ(v, Msub)dv
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Encounter Cross Section



Direct Detections!

Credit to Saniya Heeba

DM

DM

The number of subhalos hitting us per year is …
1.5 × 10−9!!!
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Paleo-Detectors

18



(b)

Marshall et al, arXiv: 2009.01028

Paleo-Detectors
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Baum et al, arXiv: 2106.06559
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Paleo-Detectors



Time Dependent Signal
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Time Dependent Signal
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Time Dependent Signal

Zhang et al, arXiv: 2504.13247 23
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dRsub

dMsub
= ∫

dnsub

dMsub
f(v)vσ(v, Msub)dv

dRdd

dQ
=

σρ
2mχm2

r
F(Q)2 ∫

f(v)
v

dv

Credit: XLZD

Direct Detection

a(t) =
ρ

ma ∫ f(v)cos[ma(1+
v2

2
)t + ϕt]dv

Credit: ABRACADABRA

Axion Detection
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https://www.youtube.com/watch?v=hVPZhATLDKY
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Stellar Tracers of the Local Dark Matter 
Velocity Distribution 

1. FIRE Milky Way Simulations 

2. Building Merger History of Milky Way-like Galaxies 

3. Velocity correlation
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FIRE Milky Way Simulations
• FIRE-2 Latte Simulations (Andrew et al. 2016): High-

resolution, cosmological zoom-in simulation of Milky 
Way-mass galaxies using FIRE-2 physics model (Phil 
et al. 2018) 

• In this study, we study six of the m12 simulations, 
namely m12i, m12f, m12m, m12w, m12b, m12c

http://www.tapir.caltech.edu/~phopkins/Site/animations/
a-gallery-of-milky-way-/

m12i
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Building Merger History
• Particle information is directly read from the simulations 

• Subhalo information is generated using Rockstar 

• Stars and DM near the solar cycle at z = 0:  and |r − r⊙ | < 2kpc |z | ≤ 1.5kpc
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Building Merger History
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Analysis and Results

• We pick top four mergers that contribute the greatest fraction of accreted stellar population 
in each simulation.  

• We compare the dark matter and stellar velocity distribution from the same merger

Resolved Component
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Earth Mover’s Distance
• Earth Mover’s Distance (EMD) test measures how many steps it takes to transfer one 

distribution into another.  

• The larger the EMD, the more different the two distributions are

https://www.jeremykun.com/2018/03/05/earthmover-distance/
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Analysis and Results
Resolved Component
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• We compare the EMD for each of the top four mergers in 5 m12 simulations 

• Different simulations are marked by different shapes; markers are colored by their mass



Analysis and Results
Resolved Component
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• Stellar velocity dispersion is smaller than DM velocity dispersion in general and scales with 
redshift 

• f*(v) = fDM(v) * 𝒩(0,σ(z))



Analysis and Results
Resolved Component
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Analysis and Results
Diffuse Component
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• Diffused component includes smooth accretions and smaller subhalos that are not well 
resolved

Analysis and Results
Diffuse Component
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Analysis and Results
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Analysis and Results
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Conclusion & Outlook
• Paleo-detectors can be an interesting tool in studying substructures 

• Local DM velocity distribution can be improved over SHM 

• For future reference, we will reconstruct the DM velocity distribution of MW based on 
observational data; we will also study the effects of the modification on direct detections 
and annual modulation 

• Thank you all for listening! 
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m12r
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Backup Slides
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Building Merger History
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Building Merger History
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Building Merger History
• We go backwards in time snapshot by snapshot 

• At each snapshot, for each particle, we find the halo closest to it and check if its position is 
within the viral radius of the halo and if its velocity is within 2.5 standard deviations of the 
halo velocity

Particle ID … Snapshot 
478

Snapshot 
479

Snapshot 
480

Snapshot 
481

… Snapshot 
599

Snapshot 
600

1 0 1 1 0 0

0 1 1 1 0 0

0 0 0 1 0 0

1 1 1 0 0 0

… … … … … … … 45



m12f
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