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New dark matter physics

Cold dark matter

Dwarf Galaxies as Dark Matter Probes
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Ab Initio DM Physics on Dwart Scales

Temperature of universe [eV]
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| * Linear matter power spectrum P(k) sets
initial conditions for structure formation

this talk

{ * P(k) suppression — fewer (sub)halos
on corresponding mass scales; vice
versa for enhancement
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In Situ DM Physics on Dwart Scales

Self-interacting DM: dwarfs probe
low relative scattering velocities
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Fuzzy DM: dwarfs probe small scales
affected by wave interference
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Cumulative number

Probe 1: Dwarf Luminosity Function

e Counting argument: subhalos with peak masses below ~10% Me host faint Milky Way satellites
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Milky Way satellite luminosity function
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ient galaxy formation, scatter in the tfaint-end galaxy-halo connection,
sruption by the Milky Way push this limit to ~108 Mo

Milky Way subhalo mass function (CDM)
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Transfer function

1.0+

L uminosity Function:

Bounds on Ab Initio DM Physics
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|_uminosity Function: Sterile Neutrino DM Limits

Sterile Neutrino WDM

» Sterile neutrino DM is tightly constrained M Sotellitas
by Milky Way satellite counts, regardless 10~" X-ray Bounds — SDSS + Classical
of specitic production mechanism — DES + PS1

* mwom > 6.5 keV = interpretation of 3.5 <
N

keV line as 100% sterile neutrino DM &+ L
annihilation is ruled out at high confidence g 107~

Dwart Galaxy Phase Space

 In general: DM free-streaming must not 107+
erase Mpeak ~ 108 Mo halos:

Interpretation of 3.5 keV line
. (Boyarsky et al. 2014)
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L uminosity Function: DM—-Baryon Interaction Limits

 Non-gravitational DM-baryon scattering
suppresses small-scale structure

e Momentum transfer is efficient In ear
universe, affecting linear P(k); late-timr
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L uminosity Function: DM—-Baryon Interaction Limits
DM-Proton Scattering IDM

10724+

MW Satellites
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 Milky Way satellite luminosity function
improves DM-proton scattering limits
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| uminosity Function: Fuzzy DM Limits

mrpM > 2.9 X 10721 eV ///

Ultra-light Axion FDM
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EN et al. 2021 (DES Collaboration, 2008.00022)

« Milky Way satellite abundances rule
out DM masses below ~10-21eV

 This limit strongly disfavors ultra-light
DM models that produce large cores
In dwarf galaxies

* In general: Jeans length associated
with DM wave interference must not

erase Mpeak ~ 108 Mo halos:

MEDM
10—22 ¢V

—1/2
Ay~ 0.7 Mpc x ( ) < 100 kpc

‘It you want a large core you won't get the galaxy,
if you get the galaxy it won't have a large core”
— Maccio et al. 2012 (1202.1282)



CO/MIC Zoom-in Simulations

Initial conditions from linear theory Halo and subhalo populations

1.0 [ e
= S — D |
R AN 8 —— 10" GeV halfmode

---------- 10" GeV envelope
O \\ c | T ]
O 0.8 \ ™ 3k 0 T
-l_J = -
\ O ~~e
D \ -
> \ D
+— \ o L T
T 0.6} \ I
D \
i ‘\ A C_D
D - [\ ©
= 0.4F \‘ ' “ T
I

8_ —— mwpm = 0.0 keV ‘\ b \‘ | | |
C —— 10" GeV halfmode ‘\ ,’ \
8 0.2F mwpy = 9.1 keV \‘ :' |‘ l" ‘ . //_’_,,u’ _____________________
- —== 10" GeV envelope \‘ ,' “ ,' ‘\ -
- — ‘ ______________ N — J.
_ mwpm = 2.5 keV \ o T .. 0 - | — g i i§

0.0 — Al R VA k= | | | WDM .

10° 10! 102 103 109 1010 1011
Wavenumber k {h Mpc-
[h Mpc] Halo mass

100+ cosmological DM-only zoom-in
simulations with initial conditions for
warm, fuzzy, interacting DM

/40
v

An Andrew Benson Vera Gluscvic
(USC) (Carnegie) (USC) EN et al. 2024 (2410.03635), An & EN et al. 2024 (2411.03431), EN et al. 2024 (2412.13065)



COZMIC I Fuzzy Dark Matter

 [Fuzzy dark matter SHMF cuts off more sharply than WDM: imprint of P(k) on subhalo population

« New SHMF model significantly improves limit from Milky Way satellite counts:

Linear matter power spectrum suppression Subhalo mass function suppression
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CO/ZMIC 11 Mixed Dark Matter

M [Mo) M [Mg)] M [Mg)
1012 1010 108 100 1012 1019 10° 1012 1019 108 106
T 1 T s O
0.8-
g 0.6-
~ | ......
0.4 - mwpum = 3 keV
— mwpM = 4 keV
— mwpMm = 9 keV
0.24 — mwbpm = 6 keV
— mwpM = 6.5 keV An & EN et al. 2024
— mwpum = 10 keV (2411.03431)
10° 10! 102 109 10! 102 109 10! 102
k [Mpc™'] k [Mpc™'] k [Mpc™!]

o 24 zoom-in simulations of a Milky Way analog with initial fractional conditions for mixed dark matter models

 Mixed dark matter transfer functions modeled with suppression scale and constant-amplitude plateau
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CO/ZMIC 11 Mixed Dark Matter

An & EN et al. 2024 (2411.03431)
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Milky Way satellite abundances constrain mixed WDM/CDM models with a = 50% WDM component

« SHMF models yield new limits on transfer function, relevant for many fractional non-CDM scenarios



|_uminosity Function: Bounds on /n Situ DM Physics

DM self-interactions, decays, and other coring mechanisms can lead to subhalo disruption

—uture work: Combine stellar disruption modeling and cosmological merger trees to derive limits
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Inner slope of DM profile

Probe 2: Dwarf Profiles
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Dwarf Profiles: Bounds on Ab Initio DM Physics

03, Kim et al. 2021 (2106.09050)
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 Changes to P(k) affect halo formation times/concentrations, systematically altering velocity dispersions
 [his mechanism can be used to constrain both suppressed and enhanced linear matter power spectra




Dwart Profiles:

Dalal & Kravtsov 2022 (2203.05750)

Bounds on Fuzzy DM

— mppM = 1 X 10~ eV
== mrpMm = 2 X 107 eV
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uctuations in fuzzy DM field heat stars in ultra-faint dwart galaxies, increasing velocity dispersion

uzzy DM bound from Segue 1 & 2 veloci

'y dispersions + sizes Is among the strongest in the literature



Dwarf Profiles: Bounds on Fuzzy DM
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 Fuzzy DM predicts larger cores in smaller dwarfs, inconsistent with observed dwarfs’ core size scaling
 UFD protiles place strong constraints on the fuzzy DM mass, comparable to structure formation limits
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Dwarf Profiles: Bounds on SIDM

9 Read et al. 2018 (1805.06934)

Silverman et al. 2022 (2203.10104)
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Dwarf Profiles: Strong, Velocity-dependent SIDM

Yang & Yu 2022 (2205.03392)

Yang, EN, Yu 2023 (2211.13768)
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Strong, velocity-dependent self-interactions — core-collapse in low-mass and/or highly concentrated halos



Dwarf Profiles: Strong, Velocity-dependent SIDM

Yang, EN, Yu 2023 (2211.13768)
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MilkyWaySIDM predicts diverse subhalo profiles; mass, concentration, orbit influence gravothermal evolution



COZMIC 1 SIDM with Consistent Initial Conditions

Ab Initio > In Situ

1012 1010 108 106 EN et al. 2024 (2412.13065)
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8 Milky Way zoom-ins with initial conditions determined by velocity-dependent SIDM interaction mediator



CDM SIDM
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 Two effects: delayed growth and erasure
of low-mass halos

Tka =0.72 keV Txa = 0.72 keV + SIDM EN et al. 2024 (2412.13065)




Dwart Profiles: Puzzles in Existing Data

Borukhovetskaya et al. 2022 (211

2.01540)
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Dwart Profiles: Puzzles in Existing Data

Sanchez Almeida 2024 (2407.16755)
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 Several UFDs have universal stellar surface density profiles that suggest cored inner dark matter profiles
* oo faint to be cored by feedback; DM protile inferred by Eddington inversion with no velocity anisotropy




| ooking Forward: Warm Dark Matter Forecsasts
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|_ooking Forward: Probe Combination
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EN, et al. 2021 (2101.07/810); also see Enzi et al. 2021 (2010.13802)
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|_ooking Forward: Probe Combination

Combining flux ratios and Milky Way satellite
galaxies yields mwopm > 9.7 keV (95% CL)

Joint analysis places strongest constraint on
iInear matter power spectrum cutoff to date

Jnified inference framework will be needed
to infer the existence of galaxy-free halos

10
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| ooking Forward: Probe Combination

15 Nierenberg et al. 2023 (2309.10101) 10 EN et al. 2024 (2401.10318)
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Strong lensing is becoming sensitive to (sub)halos well below the galaxy tormation threshold
Combining upcoming lensing and dwarf data will probe dark halos, testing DM in a new regime




7 : Dwarf gal-aXies are a critical test of déh&ﬁmétter physics
_+ Key areas for modeling work:

. -'L'u'minosity function constraints on /n situ DM phyéics
-+ Dwarf profile constralnts on velomty-dependent SIDM |

2 Jomt anaIyS|s of satelllte and |solated dwarfs W|th|n and beyond Milky Way

. Movmg from-: constramts to discovery will reqmre combining dwarf galaxy data W|th -
- complementary small-sqale probes (Lyman-a, strong lensing;. streams, high-z UVLF, 21-cm)
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