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Astrophysical
constraints rely on
subhalos

e  Constraints require:
o Visible light (stars,
galaxies) to measure
High density of potential
perturbers
Small scales (CDM
works well on larger
scales)
Leads to looking for dark matter
signatures around galaxies
Subhalos are the primary
perturbers
o  Accurate constraints
require accurate models
of subhalos

Observed

Nadler et al. (2024)
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Limitations of wo o 1 Ultra hi-res, single subhalo
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N-body simulation

—100 -

approaCheS a0 | subhalos disintegrate
200 — 1 20 T‘p = 10kpc_
Even halos (not subhalos) have
. - - e i ? 15% mass uncertainty at 1,000
e N-body simulations remain a & j(’ [y —— Iy201d)
< i g articles (Trenti et al.
“gold standard”, but have e P :
limitations
. -200 |- - .
= | | | | | 1 | | | | H
° CompUtatllona”y SlOW -200 -100 0 100 200 -200 -100 O 100 200 Erranl & Navarro (2021)
can not build up large o /kpe o /kpe
SRamplleS . Dimple Sarnaaik (USC)
esolution issues
Subhalo identification L caetueit
= +
challenges c E e
=2 c Z=05
(Semi-)analytic methods avoid g g ———
these issues & E
o Make approximations, S e
but can validate against £ . il
(]
N-body simulations g o :
& 1074 + A
+ A

107¢ 107% 1074 1072 1072 1071 10° 10!

Mass Ratio [Progenitor Mass/Final Halo Mass]




100 = —— Galacticus Model o =0, RP/RG:2/5
1 ] , N — body Simulation ¥=0.5, R,/R, =1/20
Subhalo physics ; L
» : y=1.5, R,/R, =1/200
2107+
~E
\—c 4
CDM - gravitational physics S 1024
o Orbits e '
o Dynamical friction ]
o  Tidal mass loss/heating Du et al. (2024) 103 ‘ \
o  Subhalo hierarchy (I) é ]_Io 1|5 2|0 2|5 3|0 3|5
Comprehensive model t[Gyr]

—— Galacticus Model

developed
Calibrated to ultra-high
resolution (N=107) single

® N -—body Simulation

100 ]

- . =) C SpV
subhalo simulations 7 o
g
Validated against zoom-in % "
simulations of cosmological = .
o =
halos o =05
o =1
o =15
10-1 T T T T T T ) T I
101 10°

R/ Rinax,0 Xiaolong Du (UCLA)



Theoretical priors
and predictions

e Improve priors on observational
analyses

o

Quad-lensing studies
require a prioron 2_
(normalization of subhalo
mass function)

Gannon et al. (2025)
reduce width of prior
from ~30 to ~2

e Predict frequency of
subhalo-stellar stream
encounters

o

Menker & Benson (2024)
predict ~1 gap in a
Pal-5-like stream due to
subhalos in the
10°-10"M_ mass range
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Beyond CDM

e Modified linear P(k)
o  Simple to incorporate...
o ...but not well-validated
(work underway!)
e Late-time physics
o  Axion models
m  Soliton formation

] Halo granule -10.0 - —— Zoom-in N-body SIDM halo
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o  Self-interactions '
m Core formation
m Core collapse

Yu Zhao (USC)

e
a
kv
~
©
3
2
7]
c
@
(a]

[y
=}

55
(Relative Difference)
[=} =)
<) U

Sid Raut (USC)

rIrir



Beyond CDM

Late-time physics
Decays

O

Mass loss
Heating due to
velocity kicks
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Emulation

Semi-analytic models are still
too slow to generate millions of
high-resolution subhalo
population realizations

Use machine learning
emulators (normalizing flows)
for speed

O

Learn the 6D distribution
function of subhalo
properties

Rapidly (~1s) sample
complete subhalo
populations

Extension possible to
condition the emulator on
dark matter physics (e.g.
particle mass, cross
section, etc.)
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Conclusions

e Accurate models of dark matter subhalos are crucial for astrophysical
constraints on dark matter
e Semi-analytic methods provide unique advantages
o Physical models
o Fast

o Accurate
o Flexible

e Potential for significant strengthening of constraints when combined with
new observations



