Analytical model for MW satellites:
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Key challenges for the MW formation in CDM

® Survival of the MW disk: the
CDM theory predicts 95% of MW-type halos
have experienced mergers of 51010 M, in
the last 10Gyr, 70% have merger of object
>101""Mo

® Missing satellite problem:
CDM predicts hundreds sats, but less
than 50 sats are observed

® Great plane of the Satellites:
satellites are not randomly

distributed, butin a thin plane Small-Scale Challenges to the ACDM
® (00-big-to-Fall: CDM predicts Daradion

sats which are too compact than 5
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For review of MW satellite problem

Bullock & Boylan-Kolchin
2017, ARA&A



Too-big-to-Fail problem

How to connect the observed sats with
subhalos from Simulation?

Boylan-Kolchin et al 2012

Vinfaﬂ = 3{) km 5_1

Observed sats have circular
velocity lower than the (massive)
subhalos from simulation
(massive subhalos fail to form
stars ? this violates TBTF)
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TBTF also exists for M31 and field dwarf galaxies
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solutions for the TBTF problem

e nature or nurture?
e pbaryonic process (feedback), environmental (tides)
e alternative dark matter (WDM, Selt-interacting DM...)



Another view of the Velocity distribution of MW satellites
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Milky Way Satellite-1ll: Too-big-to-Fail problem

Alternatively, we use galaxy group catalog from SDSS to see
the gap in stellar mass (trying to find MW analogs...)

MW analog:
A12 >1, central
galaxy is a spiral

two satellites



Milky Way Satellite-1ll: Too-big-to-Fail problem
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State-of-the-art hydro-sims: baryonic feedback

+tidal process can solve the TBTF
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3.5Kev line in X-ray cluster
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7 ABSTRACT

letect a weak unidentified emission line at E = (3.55-3.57) &£ 0.03 keV in a stacked XMM-Newfon spectrum
3 galaxy clusters spanning a redshift range 0.01-0.35| When the full sample is divided into three subsamples
seus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at =3¢ statistical significance in all three
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Milky Way Satellite-1l: Too-big-to-Fail problem

satellite luminosity function

Effefcts of WDM on satellite count and TBTF
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MW is just one normal galaxy

Limits of current hydro-simulation

@ Just a few galaxies, may not capture formation history of MW

® Most simulation have too-low resolutions (can not resolve to
r~0.2 Kpc)
® High computational cost



Analytical model tfor satellite galaxy evolution
Kang 2019, submitted

The model includes:

® Monte-Carlo merger tree

®star formation in dark matter halo (Semi-analytical
model)

o NFW for CDM and WDM, but different c-M relation

® Supernova feedback induced core

® After infall, tidal stripping and tidal heating modity
satellite DM density profile

® The model can be applied to merger tree from any
cosmology and any dark matter model

with above procedure, we can predict the circular
velocity for each satellites, and compared with data



How to plant Merger trees?
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From EPS based Monte-Carlo method
(fast, high resolution )
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We use the Parkinson etal (2008) EPS code to produce
5000 MW-type halos (with mass around 10A12 solar
mass) for CDM and WDM with m_v=1.0, 2.0, 3.5, 10 keV



Model component: populate DM subhalo with satellite galaxy

Two methods we use:

e Using SAM to populate DM halo with galaxy

eSimilar to Abundance matching, we selecting the most
massive subhalo (at accretion) to host satellites, assign
observed stellar mass (of satellites) to those subhaloes

Star
formation Galaxy
rate, SN merger
Gas proflle acretion,
& coolmg AGN
Dark matter Semi-analytical s
— 4
model ‘
Galaxy / \
position & Metal, dust
velocity etc
’ Star
T noSIy morphology formation
Color Structure rate /

SAM ingredients and outputs Kang+05,12,14




Milky Way Satellite-1ll: Too-big-to-Fail problem

best fit (a,8,7)

halo expansion or contraction?

Mhalo/Mstar
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®There is no universal DM density profile

®The inner slope depends on Mstar/Mhalo

®Core can be created and destructed,
depending on star formation history



reduce the DM mass of satellite and re-distribute its
inner mass

Penarrubia et al. 2010
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We also use the Giocoli+ 2008
model for subhalo mass loss



We now apply our model to both CDM and WDM
and compare model predictions to the data:

e|nvestigate which effect (feedback or tidal) is important
eConstraints on WDM mass

by tuning free parameters,
WDM>2 keV gives better
LF of MW satellites

WDM ~ 1 keV can be
excluded using LF




Model predictions on satellite DM mass (at accretion),
density profile and accretion redshift
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circular velocities of satellites at half-light radii
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No fd, no tides, model
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circular velocities of satellites at half-light radii
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WDM = 2.0 Kev
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Two other WDM mass
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3.5 keV model predictions still lower than data with (fd, tides)
10 keV model is acceptable, close to CDM predictions
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It MW has higher halo mass than 10~ 12 solar mass
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CDM: halo mass around 1.5*10A12 Msun is favored !

WDM=2.0 kev can be safely excluded

it WDM=3.5 keV, requires MW >= 1.5*10712 solar mass



Summary

® Our model can apply to any cosmological and dark matter
model (given a power spectrum)

® [00-big-to-fail: can be solved by stellar feedback and tidal
process, seems tidal process is more important to get a flat
distribution, in agreement with most hydro-dynamical
simulations
® New constraints on Warm dark matter mass using MW sats
—-> 2 keV can be safely excluded, even MW=2*10"N12
—-> 3.5 keV WDM requires MW>1.5"10"N12
—> 10 keV: OK with current data and model

Thanks !



