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Small Scale Structure in Dark Matter

Measuring small-scale DM structure can teach us about
- primordial power spectrum & inflation

- DM microphysics (eg. SIDM, atomic DM, axions...)

Hard to see structure below ~ dwarf galaxy size

Attracted much attention and promising ideas (e.g. stellar streams, lensing, etc).

We found a new probe of substructure: dynamical heating in ultra-faint dwarf galaxies

Set the best current limits at length scales shorter than CMB can probe



The Basic Effect

In galaxy dark matter is at viral velocity e.g. v ~ 103

Since gravitationally bound, stars move at ~ same velocity /

Stars ~Mg, and e.g. if dark matter ~10* M

then dark matter gas effectively much “hotter” than gas of stars T ~ muv?

Heat must transfer from DM — stars even just purely gravitationally

To calculate this gravitational heating rate:

Find 2 - 2 DM-% scattering mediated by Newton's law /!
do 1 1
= —G*mim5%
dcost 2 (%NAB?J?el)Q (1 r f)°

Note scaling with relative velocity  divergence at low momentum transfer

Average over "thermal” distributions for DM and stars



Heating in Ultra-Faint Dwarf Galaxies (UFDs)
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Will cause gas of stars to expand

UFD (e.g. Segue I):  Compare to local Milky Way:
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Heating rate maximized in UFD's

Additionally UFD's are old (~10 byr) so heating accumulates
The stellar half-light radius is small

Thus the UFD is uniquely sensitive to gravitational heat transfer from DM to stars



Aside: New Limits on MACHOs

Discussed for MACHOs e.g. Brandt ApJ Lett. (2016) +

We included new effects: inward migration of MACHOs & tidal heating of stars from distant passes
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Note these are limits on MACHOs, PBH's have extra limits due to horizon effects



Heating from Dark Matter Substructure

Now back to original goal of probing substructure of (any) dark matter with heating of stars

Replace 2 — 2 point particle cross section '\ ~ with ‘ -

Really a form factor but conservatively if ignore impact parameters that pass through DM clump

Then just modifies the "Coulomb” log

Very little change! depends logarithmically

on impact parameters

But neglects a crucial effect: destruction of clumps due to tidal forces!

Dominant processes: host-halo heating & clump-clump harassment.

Used analytic treatment in van den Bosch, Ogiya, Hahn, & Burkert MNRAS (2018). T'll skip all the details...



Limits on Dark Matter Substructure

Use Seque I to set limits:
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host-halo heating

Main limiting factor in our sensitivity is clump destruction, not stellar heating rate
Likely very conservative limits



Limits on Primordial Power Spectrum

Convert our limits on substructure into limits on primordial power spectrum (e.g. with Press-Schechter)
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Stellar heating in UFDs probes higher k spectrum significantly beyond previous constraints



Piso (k)

Limits on Isocurvature Perturbations

Our limits are really on DM structures alone, so also constrains DM isocurvature:
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Many DM production mechanisms produce a k3 spectrum of isocurvature perturbations



Summary

Dark matter substructure (or MACHOs) causes dynamical heating of stars in UFDs
Sets the strongest limit on DM substructure (or MACHOS) in mass range ~ 10 — 10° Mg,

Sets strongest limit on primordial power spectrum from inflation at high & ~ 10 — 1000 Mpc ™!
above CMB scales

Could also teach us about DM microphysics, e.g. Chang, Fox, and Xiao JCAP (2024) used these
limits to set strongest bounds on post-inflation axion scenario
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E.g. Application: Limits on Axions

Chang, Fox, and Xiao JCAP (2024) used our constraints to set limits on axions:

post-inflation axion scenario produces axion miniclusters — axion stars (= DM clumps)
these are constrained by our stellar heating bounds

UFD (post-inflation axions, this work)

Lyman-a (post-inflation axions)

Dalal & Kravtsov = UFD (fuzzy DM)

Amin & Mirbabayi 3 Lyman-a (Post-inflation DM)

< Lyman-a (fuzzy DM)
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