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'ACDM’

A : cosmological constant, i.e. ‘dark energy’
CDM : ‘cold dark matter’

GALAXY EVOLUTION 4".

CONITINUES.. 666
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Amazing observational progress has specified the initial conditions
CMB CONSTRAINTS TODAY AS SEEN BY PLANCK (BUT ALSO WMAP & COBE)

Minimal, 6-parameter ACDM model is a great fit

A,

Multipcle moment, ¢

Angular scale
Planck Collaboration (2013)
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The Millennium Simulation |t

captured the non-linear LA s R O e ek
growth of small density S e o~ S LR S T S
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The Millennium Simulation
found good agreement

of the predicted
large-scale galaxy
distribution with
observations

VIRTUAL VS OBSERVED
PIE DIAGRAMS

public access to SQL-queryable
database with simulation predictions
led to more than 850 publications
based on the Millennium simulation
thus far
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Hubble Herritagé Team (2005)



Abundance matching gives the expected halo mass — stellar mass
relation in ACDM

MODULATION OF GLOBAL STAR FORMATION EFFICIENCY AS A FUNCTION OF HALO MASS

O.l T I llllll] 1 I Illl\ll I ITIIIII I | llTlll I | I | I
N Primary suspects shaping the M.-M, , efficiency i
i Stellar Black Hole .
- Feedback? Feedback? .
0.01 —
? - "}‘ » === Reddick et al. 2012 D0 N , 7
P - - ==« Moster et al. 2010 (AM) " N i
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- Zheng et al. 2007 (HOD)
I 1 Yang et al. 2012 (CLF) Need to explain why globally:
- Yang et al. 2009a (CL)
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= == Bechroozi ¢t al. 2013 ) <<
0.0001 e Lol oo ]\/_[halo Qtot
10" 10" 10" 10
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Behroozi, Wechsler & Conroy (2013)



Much of astrophysics is described through systems of
Partial Differential Equations (PDEs) e
WE ALSO NEED TO DISCRETIZE THE PROBLEM

Euler’'s Equations (Navier-Stokes, etc.)

Discretize Gas on a Mesh

0p
57 V(pv) =0
0 T
5;(PV) + V(pvv" + P) = VII
0
5 (7€) + Vl(pe + P)v] = V(IIv)
Discretize
Dark.Matter.& Stars Additional equations can describe
with Particles « collisionless dynamics
o 00 * magnetic fields
@ B : ° . CRSl |
o 0' " ® . Radiation
= &



What physics suppresses star formation in galaxies?

Supernova explosions (energy & momentum input)

Bubble Nebula
Kepler's
Supernova

Stellar winds

Ciardi al. (2003)

Black Hole activity

qrains in red giant

“ i star's almsphere
== e
- Radiation pressure on dust Haff Ea |
P e

Photoionizing UV background and Reionization

. . . Gneding & Hollon (2012) .
- Modification of cooling through local UV/X-ray flux . s
- Photoelectric heating

Cosmic ray pressure
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Galactic winds are a manifestation of stellar feedback and necessary

to explain galaxy properties
EXAMPLE GALAXY M82

Galactic winds may

impact global galaxy

properties by:

* removing gas

* heating the gaseous
halo

* driving turbulence
within the ISM/
CGM

» dynamically heat
the dark matter

What drives galactic winds?



Cosmic Rays

<

(]

air shower mezasurements
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Gamma ray Sky ; - ® direct measurements (all carticles)

4 air shower data (all particles)
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Energy E, [GeV]

z F~10% of SN energy goes into CRs
(Morlino & Caprioli 2012)
~ CR pressure in equipartition with thermal,

_ 7 magnetic & turbulent pressures in the ISM
Image credit: NASA/CXCISAO (Boulares & Cox 2000)



Stratified-box simulations of SN
feedback demonstrate the importance of
CRs for driving outlows

DIFFERENT MODES OF SUPERNOVA FEEDBACK

Simpson et al. (2016)
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Qutflow Properties
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g c g 100 Myr
5 N %j 104 |
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Inconsistencies between pure CDM predictions & observations
especially acute at low masses

“Too big to fail’
(Boylan-Kolchin et al. 2012)

30

‘Missing’ Satellites
(e.g. Moore et al. 1999)
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The Auriga Project

Grand et al. 2017

Stellar mass 7 e

’

Stellar light

physical volume: 400 kpc




Ram pressure is the dominant

quenching mechanism
EVIDENCE FROM THE AURIGA SIMULATIONS
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Can we explain the observed
quenching times of MW satellite

galaxies?
A COMPARISON TO THE ANGST SAMPLE

790 IS the time by which 90% of a system’s

stellar mass formed

* cyan points from ANGST sample
(Weisz et al. 2015)

* black and magenta points Auriga
satellites (quenched & star forming)

Simpson et al. 1705.03018
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An open question: what is the lowest mass galaxy?
AN OPPORTUNITY FOR NEW SURVEYS
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Reionization and MWV dSphs

Simpson et al. 2012
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New and upcoming observational facilities will expand our
understanding of galaxy formation
OBTAIN TESTABLE PREDICTIONS FOR NEW UND UPCOMING LARGE OBSERVATIONAL FACILITIES

James Webb Space Telescope




ANGST JWST and near field cosmology

Redshift (z) RESOLVED SFH IN A LARGER VOLUME
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__The Illustris Simulation
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V. Co’ncl'usions A

‘ .

- One of the fundamental tests of ACDM is observatlons of-

gaIaX|es and their propertles i By

- Numerical S|mulat|ons are necessary tomake
predlctlons for these data . i

- Modeling baryonic effects (e.4. steIIar feedback) is an.
“‘important component o] § predlctlve simulations :
+/As data become blgger' S0 oo must simulations - leaps

~ forward in computing speed and algorlthm development
. W|II heIp us. to. deveIop next generatlon S|mulat|ms
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