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DM predictions for galactic scales:

hierarchical formation
cuspy (sub)halo profiles
vast spectrum of substructure
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Dwarf spheroidal galaxies
Luminosity: ~ 108 Lgyn

Mass: ~ 1087 Maun

Milky Way



. < £, o Dwarf spheroidal galaxies
o 9 Luminosity: ~ 10 Leun
Mass: ~ 1087 M

Milky Way

~25 known satellite galaxies around the Milky Way,
spanning a factor of 107 in luminosity.

These objects are dark matter laboratories
mass-to-light ratios of ~10-1000 within stellar extent




Dwarf galaxies around the Milky Way

“Bright” satellites (Ly > 105 Lo)




Dwarf galaxies around the Milky Way

“Bright” satellites (Lv > 10° Lo) “Faint” satellites (Lv < 10° Lo)




ACDM vs. the Milky Way, Round |: Missing Satellites

Klypin et al. 1999, Moore et al. 1999
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> 10~ identified subhalos |2 bright satellites (L > 10° L)

V. Springel / Virgo Consortium J. Bullock



issing Satellites

ACDM vs. the Milky Way, Round |

Klypin et al. 1999, Moore et al. 1999




ACDM vs. the Milky Way, Round |: Missing Satellites

Klypin et al. 1999, Moore et al. 1999

Number mismatch: can be explained through (|) additional ultra-faint satellites
and (2) galaxy formation processes (supernova feedback, reionization)



observations with predictions from
simulations (structure of satellites)
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Missing the biggest substructure!?
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MBK, Bullock, & Kaplinghat 201 |, 2012
see also Lovell et al. 2012; Anderhalden et al. 2012, 2013;
Rashkov, Madau, Kuhlen, Diemand 2012 (plus many others)
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Brightest Milky Way satellites: why so low mass!
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Brightest Milky Way satellites: why so low mass!
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Brightest Milky Way satellites: why so low mass!
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Brightest Milky Way satellites: why so low mass!
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Dark matter densities through stellar chemistry

M(r)/M

Initial work: Battaglia et al. 2008
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M(r)/M

Dark matter densities through stellar chemistry
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Dark matter densities through stellar chemistry
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Dark matter densities through stellar chemistry

M(r)/M
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Dark matter densities through stellar chemistry

M(r)/M
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Additional evidence for cores in dwart spheroidals
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(Goerdt, Moore, Read, Stadel, & Zemp 2006;
Cole, Dehnen, Read, & Wilkinson 2012)
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Additional evidence for cores in dwart spheroidals

IIIIIIIIIIIII|IIII|IIII

—Sel |

e Globular clusters in Fornax

(Goerdt, Moore, Read, Stadel, & Zemp 2006;
Cole, Dehnen, Read, & Wilkinson 2012)

* Cold clump in Ursa Minor: a
subhalo within a subhalo? (Pace et
al.2013) Should be short-lived
phenomenon in a cuspy DM
distribution (Lora et al. 2013)
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From C

DM to observations
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oo big to fail, cores in MW satellites:
Pointing to a problem with CDM-
only predictions for densities on
small scales (O.1-1 kpc)



From CDM to observations

0.2 0.4 0.6 0.8 1.0
r [kpc]

oo big to fail, cores in MW satellites:
Pointing to a problem with CDM-
only predictions for densities on
small scales (O.1-1 kpc)

need at least 50% less dark
matter mass in the inner

500 pc, 70% less at | kpc

(MBK et al. 2012)



Self-interacting dark matter T
(e.g., Spergel & Steinhardt 2000; Feng et al. 2009; e ; M ; . S—
Loeb & Weiner 201 1)
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(Vogelsberger et al. 2012; also Rochg,
Peter, Kaplinghat, & Bullock 201 3)
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OrWarm Dark Matter?

.. Cold Dark Matter - " - Warm Dark Matter
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WDM: modifies density of subhalos, not the underlying dark matter profile shape
for models not excluded by complementary astrophysical data (m~2 keV or more).
Also affects number of subhalos (relevant for ultra-faint satellites; Maccio et al. 2010,
Polisensky & Ricotti 201 1)
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Small scales: proof of non-standard dark matter physics?

Uh... Galaxy
formation

physics?

image: BThomasé64 / bthomasé4.deviantart.com



Reduction in dark matter density through supernova feedback?

How supernova feedback turns dark matter cusps into cores

1,2,3%

Andrew Pontzen and Fabio Governato®
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The baryons in the Milky Way satellites
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Cusp-core transformations in dwarf galaxies: observational
predictions

Romain Teyssier™**, Andrew Pontzen?, Yohan Dubois® and Justin I. Read®"

EXPLAINING THE OBSERVED VELOCITY DISPERSION OF DWARF GALAXIES BY BARYONIC MASS
LOSS DURING THE FIRST COLLAPSE
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Effects of baryon removal on the structure of dwarf spheroidal
galaxies

Kenza S. Arraki® * T, Anatoly Klypin', Surhud More??3 and Sebastian Trujillo-Gomez'

Rooted in earlier work by Larson 1974, White & Rees 1978, Dekel & Silk 1986, Navarro et al. 1996, ....
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Supernova feedback: limited by number of stars

need to remove ~5x107 M. of
dark matter from inner 500 pc

Requires 100% of energy from
M, = 10° M, coupled directly

to dark matter
(Garrison-Kimmel, Rocha, MBK et al. 201 3)
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Supernova feedback: limited by number of stars
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need to remove ~5x107 M. of
dark matter from inner 500 pc

Requires 100% of energy from
M, = 10° M, coupled directly

to dark matter
(Garrison-Kimmel, Rocha, MBK et al. 201 3)

Low stellar mass of dSphs =
(probably) impossible to reduce
density wrth SN feedback

(see also Penarrubia et al. 2012)

Combine with tidal effects?

(Zolotov et al. 2012, Brooks et al. 201 3)



Supernova feedback: limited by number of stars

need to remove ~5x107 M. of
dark matter from inner 500 pc

Requires 100% of energy from
M, = 10° M, coupled directly

to dark matter
(Garrison-Kimmel, Rocha, MBK et al. 201 3)

Low stellar mass of dSphs =
(probably) impossible to reduce
density with SN feedback

(see also Penarrubia et al. 2012)

0.2 0.4 0.6 0.8 1.0 Combine with tidal effects?
r [kpC] (Zolotov et al. 2012, Brooks et al. 201 3)




Why the uncertainty?

Simulating MWV and its satellites with full gas physics is a daunting
computational challenge

» Length scales: ~ | pc (sites of star formation) to > | Mpc
» Mass scales: ~ 10 Msun (SN progenitor) to > 102 Mg,

» Time scales: ~ 10,000 years (shock wave deceleration) to |3.7 Gyr



Why the uncertainty?

Simulating MW and its satellites with full gas physics is a daunting
computational challenge

» Length scales: ~ | pc (sites of star formation) to > | Mpc
» Mass scales: ~ 10 Msun (SN progenitor) to > 102 Mg,

» Time scales: ~ 10,000 years (shock wave deceleration) to |3.7 Gyr

State-of-the-art in CDM dark-matter-only simulations:
particle masses of ~ 1000 Msun, minimum length scales of ~20 pg;
~ |0 million CPU hours, O0.1-1 Petabyte of data
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How can we make progress in understanding
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Galaxy formation imprints scale on DM distribution

Governato et al. 2012
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Galaxy formation imprints scale on DM distribution

Governato et al. 2012

Reduced densities -
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Galaxy formation imprints scale on DM distribution

Governato et al. 2012

Reduced densit

es

. Ll
10° 10'0 10"

0.5¢

i W

Observation
+ Simulation

10° 10* 10° 10® 107 10® 10° 10

M, /Mg



Galaxy formation imprints scale on DM distribution

Governato et al. 2012

. Reduced densities
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Vhalo = 40 km /s Same scale as for MW satellites



DM distribution iIn MWV satellites: where do we stand?

 Last ~5 years: confluence of observational data, numerical simulations
has vastly improved our understanding of structure of MW satellites
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 Last ~5 years: confluence of observational data, numerical simulations
has vastly improved our understanding of structure of MWV satellites

* Data constrain mass at half-light radius; this is enough to show that
satellites are much less dense than expected from CDM

» Without modification by baryons, 5-10 subhalos per MW host are too dense
to host any of the MW's dwarf satellites = Too Big To Fail

» multiple stellar components indicate presence of ~500 pc cores in 2 dwarfs
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* Both SIDM and WDM can alleviate or eliminate this problem, but for
different reasons



DM distribution iIn MWV satellites: where do we stand?

 Last ~5 years: confluence of observational data, numerical simulations
has vastly improved our understanding of structure of MWV satellites

* Data constrain mass at half-light radius; this is enough to show that
satellites are much less dense than expected from CDM

» Without modification by baryons, 5-10 subhalos per MW host are too dense
to host any of the MW's dwarf satellites = Too Big To Fail

» multiple stellar components indicate presence of ~500 pc cores in 2 dwarfs

* Both SIDM and WDM can alleviate or eliminate this problem, but for
different reasons

* (Gas physics may change the picture, but almost everyone now agrees
there is a scale (Mhaio ~10'% Mgun = Mstar ~ 107 Maun) below which

number of supernovae Is insufficient to affect dark matter structure



DM distribution iIn MW satellites: what next!

* As usual: try to separate astrophysics from dark matter physics

* Move beyond the edge of the Milky VWay

» Supernova feedback scale is a robust prediction. Evidence of transition from
cores In more luminous galaxies to cusps In less luminous ones!
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* Move beyond the edge of the Milky Way (avoid tidal effects)

» SN feedback scale is a fairly robust prediction. Evidence of transition from
cores In more luminous galaxies to cusps In less luminous ones?
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* Move beyond the edge of the Milky Way (avoid tidal effects)

» SN feedback scale is a fairly robust prediction. Evidence of transition from
cores In more luminous galaxies to cusps In less luminous ones?

* Better understanding of allowed parameter space for WDM, SIDM:

» WDM: likely ruled out by Ly-alpha forest for m < 2 keV; no astrophysical
signatures if m > |0-15 keV = narrow range to explore

» SIDM (constant cross section): likely ruled out for 0 > | cm?/g; unable to
produce relevant cores for 0 < 0.1 cm?/g = narrow range to explore

» W+CDM and SIDM with velocity-dependent cross sections: need to
understand similarly
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* Move beyond the edge of the Milky Way (avoid tidal effects)

» SN feedback scale is a fairly robust prediction. Evidence of transition from
cores In more luminous galaxies to cusps In less luminous ones?

* Better understanding of allowed parameter space for WDM, SIDM:
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« CDM: cvidence for dense, low-mass, star-free subhalos in tidal
streams, gravitational lensing?



DM distribution iIn MW satellites: what next!

* Move beyond the edge of the Milky Way (avoid tidal effects)

» SN feedback scale is a fairly robust prediction. Evidence of transition from
cores In more luminous galaxies to cusps In less luminous ones?

* Better understanding of allowed parameter space for WDM, SIDM:

» WDM: likely ruled out by Ly-alpha forest for m < 2 keV; no astrophysical
signatures if m > |0-15 keV = narrow range to explore

» SIDM (constant cross section): likely ruled out for 0 > | cm?/g; unable to
produce relevant cores for 0 < 0.1 cm?/g = narrow range to explore

» W+CDM and SIDM with velocity-dependent cross sections: need to
understand similarly

« CDM: cvidence for dense, low-mass, star-free subhalos in tidal
streams, gravitational lensing?

* Simulations: more dark-matter-only (current level of resolution
OK); more, more realistic, higher resolution with full hydrodynamics
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Similar issues In i1solated field galaxies
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N(<My)

Not possible to match the abundance and structure of the
MW dSphs simultaneously
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to MW dwarf masses matches the
MW satellite luminosity function...

MBK, Bullock, & Kaplinghat 2012
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Not possible to match the abundance and structure of the
MW dSphs simultaneously
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Power Spectra for C+WDM

Anderhalden, Schneider, Maccio, Diemand, & Bertone 2013



Power Spectra for C+W
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