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Number count

But,
Galaxies do change! y =

Classic observational cosmology
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25000 ‘y : NGC 891

Credit: Hewholooks https://commons.wikimedia.org/wiki/File:NGC891HunterWilson.jpg



Galaxy challenge = a e

Elliptical galaxies |

Core of Galaxy NGC 426l

Hubble Space Telescope _ | . | | ;8
Wide Field / Planetary Camera . e,

N
Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk |
-
‘ NASA/JPL/IPAC
s -
£ Vi : : April 5 April 6 April 10 April 11
4 a0 jas O O O O
= m = L |
380 Arc Seconds 17 Arc Seconds
88000 LIGHTYEARS 400 LIGHTYEARS

Observations from the Event Horizon Telescope of the supermassive black hole at the center of the elliptical
galaxy M87, for four different days. [EHT Collaboration et al 2019]
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CMBA

Sudden expansion (Inflation), producing density fluctuation

7128 440Hz A4

A1 HiE 880Hz A5

X2 Hf= 1320Hz E6

X3 HiE 1760Hz A6
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https://en.wikipedia.org/wiki/Overtone

TIMELINE OF THE UNIVERSE

AS INFLATION EXPANDED the universe, the plasma of photons
and charged particles grew far beyond the horizon (the edge of
the region that a hypothetical viewer afterinflation would see
as the universe expands). During the recombination period

about 380,000 years later, the first atoms formed and the
cosmic microwave background [CMB) radiation was emitted.
After another 300 million years, radiation from the first stars
reionized most of the hydrogen and helium.

Proton Photon Helium
Neutron nucleus

Electron Helium

atom

CMEB radiation

Hydrogen
gam,ﬁ Firststars Early Modern
galaxies galaxies

Credit: Wayne Hu http://background.uchicago.edu/~whu/SciAm/sym1.html
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Concordance model

Summary

o £, ~0.04 Big bang
o Qrni~0.24 paradigm
e Q.  ~1.0

e Space geometry is flat

e Age of Universe ~ 13.7 Gyr
e Primordial density fluctuation inflation dark energy

P 1078
<p> dark matter




Cold dark matter

More substructures. Small structures form first.

HDM WDM CDM

WDM CDM

Credit: Bullock & Boylan-Kolchin 2017/ Simulations by V. Robles, T Kelley, & B. Bazek+ Courtesy ITC @ University of Zurich



Dark energy

Accelerating expansion
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Structure formation

Primordial density fluctuation
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Credit: A. Kravtsov & A. Klypin
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Millennium simulation
Springel et al. 2006
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Cosmological hydrodynamic simulations

Of galaxy formation

e Gravity + hydrodynamics
e + Astro-baryon physics
- Gas cooling, star formation

- Black hole physics

- Chemical evolution
e 2014:dx ~ 1 kpc

- EAGLE (SPH)

- Horizon-AGN (AMR)

ustris (moving mesh)

e ~2020
- lllustrisTNG50: dx~0.3

1.0
=)
O
-

- NewHorizon: dx~0.04
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300 Mpc
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Best spatial resolution [pc]
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TNG & NewHorizon

7T

AL

~

~

"~TNG100 . C-EAGLE

F=rd 1 I I I I LINULL I I\ I I LI L I N\ I\
~I - ~ - ~ N \ \
~ ~ ~N N \
=< ~ - ~N N \
= ~ ~ N N N\ \
~ ~ - \\ \\ N \ \
_ — ~ N -
.\ ~ S \\ N \ \
New Horizon -~ - > N N \ \
Q- 2022 ~ h A \
-~ ~ ~ N \
— =~ < ~ ~ AN \ .
- _ ~ ~ N\
- > ~ N N \
f— = ~ - AN n
~ _New Horizon2 ~ _ ~ . New Cluster . N
i - = =~ =~ ~ ~ N AN \ B
B =~ < - - N \ \ n
n - _ >~ o S N \ \
= T~ \\ N h AN \7]
S ~ - « \ «
- - 2012 S . \ .
=~ - I \\ N \ \
~ ~ ~N AN
=~ _Romulus25 ~-_ RomulusC AR NN
~ — ~ - \\ N \ \
i el ®TNG50 . AN NN
T 2014 IR N
- _ ~ _ S N N \

.. & @YZiICS . T

-~ _ ~ _ \
~ ~ N AN \
o< T ~ N\ \
L ~ ~ N N \ \
~ - =~ ~ N N \
- ~ ~ ~ N \ -
- \\ ~ \
\\ ~ ~ N \
\\ ~ ~ AN \ \
=~ N > N \
< ~ _ ~ N N \ \
~ - ~ ~ N N
~ \\ \\ AN \
IIIII\\ 1 1 1 IIIII‘L 1 1 IIIIII D | N |

EAGLE_
Horizon-AGN ]

1013

1015

Maximum halo mass [Mg]

15



T
+i| BAHE

NewHorizon simulation
|AP-Yonsei-Oxford coll.
4800 cores

80 Mhr (2017-2020)
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a = 0.022

Credit: NewHorizon: O| %! (91 A|CH)



Face-on view

Edge-on view
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(Expected) Halo and Galaxy Mass Distributions

106 - Dark Matter Halos
(simulation)

2
I
5

Plausible galaxy o258
mass distribution? ———— -«

Relative Number
o
(o
|

—
I

0.01 Galaxy

Dwarf Milky Giant Galaxy Galaxy
Way Galaxy Group Cluster

| |
10° 1011 1013
Mass (solar masses)

Credit: astro.virginia.edu
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Shortcomings of models

1) luminosity function problem
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(Actual) Halo and Galaxy Mass Distributions

Relative Number
o
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llar feedback, DM

Dark Matter Halos
(simulation)

Miky Giant Galaxy Galaxy
Galaxy Way Galaxy Group Cluster
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I |
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Shortcomings of models

1) luminosity function problem
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Shortcomings of models

2) missing satellite problem

Pawlowski/Bullock/Boylan-Kolchin




Shortcomings of models

2) missing satellite problem

300 dark matter in dark-matter-only simulation dark matter in baryonic simulation stars
And XXXII NGC 185
And I And II And VII IC 10 NGC 147 I'ri
Ll |11 HNGS 205 |
200 20 | Leol Isaqg | smc l LMmc
T For
— TNG50 MW/M31-like
100 0. — MW
- * - M31
%:‘—. O § Galaxies within 300 kpc (3D)
=, — 54 M.=5x10°Mg
N Z.
—100
2..
—200
1-
—-300 7.0 7.5 8.0 8.5 9.0 95  10.0
—-300-200-100 O 100 200 —-200-100 O 100 200 —-200-100 O 100 200 M« [in 2 Ryp,] [log Mo |
kpc kpc kpc
y [kpc| y [kpc] y [kpc] Englers 20121
Figure 1. Projected mass surface densities of Milky Way-mass host in the Latte simulation at 2z = 0: dark matter in the dark-

matter-only simulation (left); dark matter (middle) and stars (right) in the baryonic simulation. Color scale is logarithmic, spanning
10* — 10° Mg kpc ™2, same in all panels. Compared with dark-matter-only, the baryonic simulation contains significantly (=~ 10x) fewer
subhalos at fixed Viire.max. Of these subhalos, only 9 host a satellite galaxy with Mstar > 3 X 10° Mg.

Wetzel+ 2016
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Shortcomings of models

3) ultra-diffuse galaxies

VCC 1287
i Dragonfly 44
e Dragonfly 44 (van Dokuum+ 2016) _ =
10 kpc -
- In Coma cluster = .
- 33.5 hr with Deimos/Keck | e
- Based on 94 GCs Mg el
— M d MW | ; ’ . ' — dwarf galoxies — — goloxy clusters -
dyn .
- M*N 1/20 MW ‘ | ‘ ' 105 106 107 108 102 10'°10'110'2101310'4101
: : | Bt M (< M
- DM dominant? Ao 4 et . SN
‘.; z : s> , s
. -
. - . !
2 .. pragonfly 44 (van Dolfkum et al. 2016) _



Shortcomings of models |

3) ultra-diffuse galaxies

e NGC 1052-DF2 (van Dokuum+ 2018)
- NGC 1052 group
- HST + Deimos/Keck ||
- Based on 10 GCs

- My sspe S 3.4 % 10° M

- M. ~2x10° M, ~ 1/300 MW
- R, ~22 kpc ~ MW
- Compatible with no DM

.

o4 NGC 1052-DF2 (van Dokkum et al. 2018)



Outstanding questions

¢ |s dark energy real?
¢ |s dark matter real? Is it cold?

¢ Are the issues of the strange properties of galaxies caused by DM or
astrophysical nature”

¢ Is the missing satellite problem gone”? (NewHorizon)
¢ Ultra diffuse galaxies (NewHorizon)
¢ Current efforts are heavily biased to astrophysics.
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