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Dark Matter and Structure Formation
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Dark Matter and Structure Formation
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P (k) [(h~'Mpc)”]

 Small scales contain information about a
variety of dark matter physics: we are
compelled to search there!

e What is the luminous content of the
smallest halos?
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The Galaxy—Halo Connection

Reionization
Stellar winds

Supernovae I
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iNntest Galaxies
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The Milky Way Satellite Population
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The Milky Way Satellite Population
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Missing Satellites”

Dwartf galaxy problem

From Wikipedia, the free encyclopedia

There is No Missing Satellites Problem
“although there seem to be enough observed normal-

sized galaxies to match the simulated size distribution, Stacy Y. Kim, Annika H. G. Peter, Jonathan R. Hargis
the number of dwarf galaxies is orders of
magnitude lower than expected from simulation.” “We show that there is a match between the observed satellite counts

corrected by the detection efficiency of the Sloan Digital Sky Survey ...
and the number of luminous satellites predicted by CDM, assuming an
empirical relation between stellar mass and halo mass. The "missing
satellites problem”, cast in terms of number counts, is thus solved.”

Quanta Magazine

The Problem of the Missing Satellite Galaxies Gives Way
— Now There's Too Many
“Astronomers couldn’t find enough satellite galaxies orbiting the

Milky Way. Now they have the opposite problem, suggesting that
our understanding of how galaxies get built is incomplete.”



https://en.wikipedia.org/wiki/Galaxy
https://en.wikipedia.org/wiki/Dwarf_galaxy
https://en.wikipedia.org/wiki/Orders_of_magnitude
https://en.wikipedia.org/wiki/Orders_of_magnitude

No Missing Satellites”

* No missing satellites after correcting for
observational incompleteness and extrapolating
standard stellar mass—halo mass relations

 Consistency has only been demonstrated at
fixed modeling assumptions, and only for the
brightest half of the Milky Way satellite population

dark matter in baryonic simulation stars

®

Wetzel et al. 2016
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Markov Chain Monte Carlo

. Resimulate Milky Way-

like halos from large
cosmological volume.

. Paint satellite galaxies

onto subhalos using
galaxy—halo model.

. Apply observational

selection functions

based on imaging data.

. Calculate likelihood of

observed satellites
given galaxy—halo

connection parameters.
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Simulating Milky Way Analogs

 (Gala Is revolutionizing our understanding of Milky Way halo properties: mass,
concentration, assembly history

 We analyze simulated halos that 1) are consistent with these MW halo properties,
2) experience a Galia-Enceladus merger, and 3) have a realistic Large Magellanic
Cloud analog system

Callingham et al. 2018 500 Koppelman et al. 2018 Simulated MWs
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Galaxy—Halo Connection Model

Empirical modeling allows us to marginalize over theoretical uncertainties

Physical Ingredient

Assumptions

Parameterization

Free Parameter?

Satellite Luminosities

Abundance match to GAMA survey
Extrapolate luminosity function
Lognormal (My |Veax) distribution

Smooth galaxy formation efficiency

Non-parametric
Faint-end slope o

Constant scatter oy
-/\/lpeak_j\/t 50

— 1
fgal:§[1+( \/Eo'gal

J

No
Yes (« 1s free)
Yes (o) 18 free)

Yes (Mo, 0qal are free)

Satellite Sizes

Kravtsov (2013) galaxy size model
Lognormal (r{ ,|Rvir) distribution

Fi/2 = A (Rvir/RO)n

Constant scatter og

Yes (A, n are free)
Yes (or 1s free)

Size reduction set by stripping r n =11/ (Vinax / Vace)” No (6 =0)
Baryonic Effects Nadler et al. (2018) disruption model Pdisrupt — p(l,i/sipt Yes (B 1s free)
Correspond to disrupted subhalos None No
Orphan Satellites NFW host + dynamical friction In A = —In(msu / thgfgg No
Stripping after pericentric passages Nisub ~ —':j;‘: (37>) No
Pdisrupt SEt DY time since accretion paistupt = (1= aace)® No (O =1)

EN, Y.-Y

. Mao, G. Green, R. Wechsler 2019



Mock Satellite Observations
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Mock Satellite Observations
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Detection probabi
constrained direct
photometric data
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Predicted Satellite Populations

* Recent infall (within last 2 Gyr) of LMC system is required to fit the data

 Predict 5 (DES) & 1 (PS1) LMC satellites, consistent with Gaia proper motions!

— (Observed Satellites — (Observed Satellites
No LMC | e | No LMC
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The Faint-End Galaxy—Halo Connection
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The Total MW Satellite Population

log(M../Mo)
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Predict ~220 total MW satellites, | S ——
25% of which are LMC-associated 0 —— DES + PSI (weighted)
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Interplay with High-z Galaxy Formation

1 1
e Finkelstein+ 2015
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Modeling Satellite Star Formation Histories

* |In progress: UniverseMachine
modeling of star formation histories
for satellite systems constrained to
match Milky Way observations

* Yields detailed predictions for the
progenitors of observed satellites

Yunchong (

Richie) Wang
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Interplay with Milky Way Analog Surveys

THE SAGA SURVEY

* Observations Milky Way analog
satellite systems in the nearby

EXPLORING SATELLITES AROUND GALACTIC ANALOGS

universe are rapidly advancing |p ] T NGCoISL PGCOI3646. — NGCS750 i
| — NGC5297 NGC5604 — NGC4348 .. i
0d- UGC04906 — NGC7716 — NGC5869 :
=1 — NGC7166 NGC5962 — NGC5633 -
* The SAGA survey has measured ] —Nocrsat — Nacwrs v L)
" . . N — 2 - , z - z | .
36 Milky Way analog luminosity > 877 Nacsn T monon ] -
functions down to M, ~106 M \2/ | N s {3
) © < %7 Xeoom —waeser [T 1 L& f
Z‘” j NGC4454 — NGC2967 | | ‘ i“" -
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http://sagasurvey.org/

Interplay with Milky Way Analog Surveys

THE SAGA SURVEY

* Observations Milky Way analog
satellite systems in the nearby

EXPLORING SATELLITES AROUND GALACTIC ANALOGS

universe are rapidly advancing - * SAGA (Observed)
7 I SAGA (Inc. Corrected) [
- Predicted -
 The SAGA survey has measured 10- § § I
36 Milky Way analog luminosity L - -
functions down to M. ~10 Mg Zfé :
5_ -
o Our satellite model predictions j
(constrained only by Milky Way —
satellites) are consistent with o T ...J'}.YIY
SAGA data 0 2 4 6 8 10 12
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The Faint-End Galaxy—Halo Connection

Reionization
Stellar winds

Supernovae
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Dark Matter Constraints




Dark Matter Constraints
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DM Physics and the Minimum RHalo Mass
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log, [ #,(k, z=500) ]

DM Physics and the Minimum RHalo Mass

inear matter power spectrum (sub)halo mass function.
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DM Physics and the Minimum RHalo Mass
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Transfer function

Fit the Milky Way satellite population with subhalo
mass function suppression, marginalizing over

1.0+

0.751 . .
- galaxy—halo connection and MW halo properties:
Cji/ 0.5

0.25{ —— Warm Dark Matter Subhalo mass function

=== Interacting Dark Matter
— Fuzzy Dark Matter

2 5 10 30 50 100
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Som(M, Opn)

Satellite luminosity function

—e—

O.l-ml
M | -
é 5
, , o .
Current satellite observations are sensitiveto~25% = | /= \
suppression in subhalo abundance relative to CDM : — 1 =

0> 10° 107 107
EN & Drlica-Wagner et al. 2020 L./ L



Dark Matter Constraints

o Our Milky Way satellite analysis yields the strongest astrophysical constraints
to date on a variety of dark matter properties and particle models

e [For thermal relic WDM: mwpm > 6.5 keV at 95% confidence, comparable to
imits from the Lyman-a forest, strong gravitational lensing, and stellar
streams (with distinct systematics)

* This Is the opposite of searching under a lamppost!

Dark Matter Paradigm Parameter Constraint Derived Property Constraint
Warm Dark Matter Thermal Relic Mass mwbpwm > 6.5keV Free-streaming Length Mg < 10 h™! kpe
Interacting Dark Matter Velocity-independent o0 < 8.8 x 107" em®  DM-Proton Coupling ¢, < (0.3GeV) ™~

DM-Proton Cross Section
Fuzzy Dark Matter Particle Mass my > 2.9 x 1071 eV de Broglie Wavelength AaB S 0.5kpe




Warm Dark Matter Constraints

* Nearly all viable parameter space
for resonantly-produced sterile

neutrino dark matter I1s ruled out

 The sterile neutrino Iinterpretat

of the 3.5 keV X-ray line is ru
out at >> 99% confidence

* [The dark
length must be smaller than

Onn

matter free-streami

ed

g

the

sizes of the halos that host ultra-

faint dwart galaxies (~10 kpc)

Sterile Neutrino WDM

Dwart Galaxy Phase Space

.

MW Satellites
= SDSS + Classical
- DES + PS1

X-ray Bounds

Interpretation of 3.5 keV line
(Boyarsky et al. 2014)
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Interacting Dark Matter Constraints

M [M:]

» Collisional damping due to DM- Ny | | j
1016 1014 1012 1010 108

baryon scattering at early times

1.0 pe=e——
suppresses power on small scales
= 0.75-
 Mass of the smallest halo allowed =
to form corresponds to the size of % |
the horizon when = 05 e
- Z = TYL\NDM — 1.2 keV
@ - TIVWDM — 4.7 keV
R, ~aH = 025 70 =107 e’
Momentum =~ " Hubble rate o :hg_zg o
transfer rate 0.05- e X
0.1 1 5 10 30 50
 Minimum observed halo mass k [h Mpc™']

sets cross section Iimit
EN, V. Gluscevic, K. Boddy, R. Wechsler 2019



Interacting Dark Matter Constraints

DM-Proton Scattering IDM
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EN & Drlica-Wagner et al. 2020



Interacting Dark Matter Constraints
DM-Proton Scattering IDM

1024 -
f CMB
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EN & Drlica-Wagner et al. 2020



Interacting Dark Matter Constraints
DM-Proton Scattering IDM

—94

10724 MW satellites

| = SDSS + Classical CMB
{ = DES + PS1
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Interacting Dark Matter Constraints
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Fuzzy Dark Matter Constraints

* Fuzzy dark matter masses below

1021 eV are robust

vy ruled out,

with very conservative modeling
assumptions

Can be Interpreted as a lower
Imit on the ultra-light axion mass
assuming negligible self and
Standard Model couplings

The dark matter de Broglie
wavelength must be smaller than
ultra-faint dwarf sizes (~1 kpc)

Ultra-light Axion FDM

1 |
MW Satellites
CAST — DES + PS1
SN1987A |
X-rays
Z1 A
< //
Pl
8 /, //
O // | //
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my [eV]

EN & Drlica-Wagner et al. 2020



| ate-Forming Dark Matter Constraints

e Dark radiation that transi
CDM after BBN (“late-

tlons

formir

1O

9

dark matter”) suppresses power

on small scales

e Cutoff in halo abundance

the LFDM transition redshi

I

IS set by

« Milky Way satellite abundances

mply that LFDM forms no later
than one week after the Big Bang:
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Constraining Late-time DM Physics

e Qur framework constrains dark
matter physics that suppresses
subhalo abundances at late times

e Sensitivity to SIDM cross sections
of ~0.1 cm?2/g (stay tuned!)
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Constraining Late-time DM Physics

e Qur framework constrains dark [ ] «——— Ruled out by MW satellites
matter physics that suppresses | (Preliminary)

subhalo abundances at late times
ﬂ | Vattis et al. 2019
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Sidney Mau S. Mau et al. in prep

e Sensitivity to decaying dark matter
with a litetime of ~10 Gyr, which
has been claimed to alleviate the
Hubble tension (stay tuned!) s o
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Combining Small-Scale Structure Probes

» Recent analyses of the Lyman-a

forest, strong gravitational
and stellar streams achieve
dark matter sensitivity

e Joint models of small-scale
are key to break degeneraci
robustly detect non-CDM ph

using subhalo populations |

lenses,
similar

orobes
es and
VSICS

In progress:. combined constraints

nferred

from satellite abundances and

strong lensing

IOg(Mhm/MG)
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Outlook

The lack of a cutoff in the abundance of observable ultra-faint galaxies
down to halo masses of ~108 M@ vyields stringent constraints on the
galaxy—halo connection and dark matter physics

These constraints will continue to improve with advances in (currently
conservative) galaxy—halo modeling and LSST satellite discoveries

Our analysis informs a variety of dark matter properties: free-streaming
length, coupling to the Standard Model, de Broglie wavelength, selt-
interaction cross section, formation epoch, particle lifetime

Joint modeling of small-scale structure probes is an important area for
future work, starting with satellites, stellar streams, and strong lenses
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Baryonic Subhalo Disruption

CDM + BARYONS

Garrison-Kimmel et al. 2017
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Baryonic Subhalo Disruption
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H

Baryonic Subhalo Disruption s e
* Five subhalo features encode ~90% of disruption .
* Predicted subhalo populations consistent with FIRE ‘3
Subhalo Feature Importance Scores »
1 T w mw
0.8 .
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EN, Y.-Y. Mao, R. Wechsler et al. 2018  aperi



DES & Pan-STARRS
Survey Selection Functions

DES

* Rigorous satellite search
over ~7/5% of the sky

Footprint

 Masks for dusty regions,
£(@-1)>0.2 pbackground galaxies, etc.

+120° +60° 0° -60° -120°

e 17/18 (DES), 19/31 (PS1)
satellites recovered by
two search algorithms

Pan-STARRS

H —— -
-

Svoa

+30° A TR SN

for simulated satellites

-30°

+120° +60° 0° -60° -120°
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logyy(r / pc)

Observational Selection Functions
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logyy(r / pc)

Observational Selection Functions
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Example Algorithm Pipeline

Untransformed Images

Satellite Searches in Gaia :

60

40 -
* |n progress: search for satellites in L ek il

phase space using Gaia proper
Motion measurements

. \A/Ei\/f?lE?t Transformed Images _

transform |

Calibrate detection significance :

on mock dwartf galaxies .
significance - N
threShOld 60 0.6

Position
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v, [km s7]

Predict 5 (1) currently observed
LMC-associated satellites in DES
(PS1), consistent with Gaia PMs!

400-
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Satellites of the LMC

Also see Patel et al. 2020
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0.020

Faint-end slope consistent with global
luminosity function

oy = 0.0047505

Luminosity scatter < 0.2 dex
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