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logistics:
2 two-hour lectures each day:

either: 9:00 - 10:50, 11:10 - 13:00
or :10:00-11:50,13:10-15:00

in addition: ‘project’ description on Friday

the idea is that small sub-groups (3-4 people) each
work on the project and submit a report up to
one week after the lecture ends

(coordinator: Arjen van der Wel).
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What is a galaxy?
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What is a galaxy?

compact condensation of baryons near the center of
dark matter halos.

these halos are at least~ 10X more massive ~10x
more extended than the luminous baryons at the
center

most stars / cold gas lives in galaxies
Galaxies cover a large range in (stellar) mass:
cD galaxies  L.=10'3
Milky Way L.=10'°
Dwarf galaxies L.=10’

Ultra-faint gal's L.=103

-- they come in many shapes
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Galaxies in a Cosmological Context

emergence of galaxies

hierarchical ACDM framework

ordered population properties
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Questions that we want to address in this lecture are:

- why is the galaxy population so regular
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Regular galaxy properties

galaxy (star) formation most
; efficient in MWV type halos
; (Mhalo~ 10'2 Msun)

0.01E

0.00E

Guo,White et al. 2010  '99(Mrac[Mol)

3/4 of all stars live in galaxies w/
masses of 5x10'0 (within factor 5)

Bell et al., 2003
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Regular galaxy properties

early—types
- Faber—Jackson

late—types o J
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...a lot of
parameter space
allowed by the
laws of physics is
not occupied

From the stellar mass of a galaxy
one can estimate:

- potential depth (rotation velocity,
velocity dispersion) to 30%

- the size to a factor of 2

- the distribution of light to 40%
--the black hole mass to a factor of 3
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Questions that we want to address in this lecture are:

- why is the current population so regular

- when were the galaxies’ masses assembled
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... multi-wavelength
deep fields

(e.g. UDF: 1000s of

galaxies in few
il square arcmin)

Hubble Ultra Deep Field
Hubble Space Telescope * Advanced Camera for Surveys
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Questions that we want to address in this lecture are:

- why is the current population so regular

- when were the galaxies’ masses assembled

- when/how did the stars form
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Evolution of cosmic star formation rate density

0.1

p. (Mg yr~' Mpc™)

0.01

0 0.2 0.4 0.6
log(1+2z)

Hopkins & Beacom 2006

0.8

...by
characterizing

stellar population
and dust through
multi-wavelength
observations
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Questions that we want to address in this lecture are:

- why is the current population so regular

- when were the galaxies’ masses assembled

- when/how did the stars form = #

- why do galaxies emit radiation over ~10 decades
in frequency

- what do they do to the rest of the universe
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Galaxy Formation and Evolution in a Cosmological Framework

CDM-driven framework for structure formation

Note: Galaxy Evolution is unobservable
only redshift change of galaxy population properties is observable

Need theoretical framework to interpret observations.
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y A 20,0 dark matter density gas density gas temperature
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dark matter density
g -»
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f Need theoretical
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want: N(Z, Mstar, tage, Mgas, Mdyn, Size,...)

Need multi-wavelength approach

In the following we will discuss some diagnostic tools
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

1014 "

infrared =~ radio

- optical

v— rays/X-r

108 — Chary & Elbaz (2001) \
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

ll]

v— rays/X-rays - optical infrared = radio

= Chary & Elbaz (2001) \
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

y— rays/X-rays radio

S

infrared

—

stars/SF
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

y— rays/X-rays radio

S

infrared

o —— —

stars/SF M.
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

-rays infrared rad

. »

stars/SF M.
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

stars/SF
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

-rays " Iinfrared
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Different galaxy components (stars, gas, dust, AGN,...)
emit in different wavelength regimes.

-rays " Iinfrared
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Quick run through diagnostic
tools as f(A)
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X-ray observatories: only from space
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X=-RAY OBSERVATORY

future(?): IXO
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X-ray spectra rich in very
energetic processes

NGC 1068 X-ray
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X-ray strikes K-shall alectron, ejocting
it from the atom leaving 2 vacant orbital.
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Electrons from
higher-energy orbMals
transition 1o fill vacancy
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107*
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X-ray emission lines require high
energy

strongest line: Fluorescent Fe Ky at 6.4
keV

large number of Inner shell transitions

also found in stellar coronae, shocks
hot gas (10% K ~ I keV)
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X-ray continuum:

combination of point sources (mostly X-ray binaries)
and hot (~10° K) plasma

CHANDRA X"RAY

. | HussLE oFTICAL

CONPOSITE . SPITZER INFRARED
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X-ray observations demonstrated vast amounts of hot gas in
galaxy clusters

MPE

A11-Sky-Survey

°
N4E33

Virgo Cluster
ROSAT PSPC

> 0,4 keVW, smoothed

»
N4261

e.g.,Virgo Cluster
T=10° K, ~keV

this gas dominates

the visible cluster
mass (90%)

Thursday, March 10, 2011



X-ray deep fields reveal mostly high redshift AGN

40

45 =

Chandra
2 Ms (555h)

exposure of
ECDFS
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WAY
facilities

(only from
sapce)

HUBBLE SPACE TELESOG’E
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Flux (107" erg em™@ s™' A7)

UV spectrum
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UV absorption spectra

(restframe) UV spectra absorption spectra tell us
about the properties of the intergalactic medium
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Note: high-redshift optical spectra/images correspond to UV restframe
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Arp's Loop in the M81-M82 Galaxy Group Hubble Space Telescope = ACS/WFC

/

UV: sensitive tracer of
star formation

Visible = HST

G AL € X Seloxy Evolution Explorer

FUV » NUV » RADIO

Galex revealed very extended star
forming disk in nearby galaxies

all luminous hot stars are short-lived --
must have formed recently

Extended Disk of Galaxy M83 GALGX » NUV « FUV
VERY LARGE ARRAY « RADIO
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Optical facilities

ground-based high-
lighted here: MPIA
access
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Optical spectra are rich in atomic lines

NGC 6302
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diffuse gas gets ionized/excited
by stellar light

use strong (easily observable)
lines to come up with
diagnostic tools.

H-& line a commonly used
tracer for star formation.
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‘BPT’ diagrams

Original Baldwin, Philips &
Terlevich (1981) Diagnostic
Diagram

ionized radiation produced
by hot stars/BB <-> AGN

power law.

Allows one to classify
galaxies

> 100.000 galaxies from SDSS

1.90 7 77

log([OllI]/HRB)

~1.0F

Star-forming

Galaxies

Seyfert Galaxies

LINERS ]

—-2.0 -1.5
Groves et al 2006

-1.0

-0.5

log([NIl]/Ha)

starburst/AGN separator

Thursday, March 10, 2011



Optical multi-color imaging: dust, star formation and distribution of stars

example:
Antennae HST
composite
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Sagittarius Dwarf lrregular Galaxy

HST resolution
allows one to
resolve stellar
distribution in

nearby (dwarf)
galaxies

(“look through
galaxies”)

Hubble

Heritage
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IC 2574 SGS
24912 stars

(= =

FO55W-F814W

HST resolution
enables detailed
stellar population
studies in nearby
(dwarf) galaxies
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Deep Fields:

key to understand
galaxy evolution

examples: HDF/UDF/
COMBOI17/GEMS/COSMOS




Relative sizes of ACS Surveys

Relative Sizes of HST ACS Surveys

GEMS |

V\
el
\ COSMOS
- 1° >| \

e

Digitized Sky Survey: ground-based image for comparison

i f
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Galaxy Templates

Fit individual
galaxies with various
galaxy templates to
find most probable

- redshift

- star formation

- stellar mass
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the better...
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the future

e.g., E-ELT
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Spitzer

IR observatories

Herschel
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dust re-radiates 50% of all photons emitted by star formation

can be used as proxy for SF -- also: dust mass, temperature, composition

M3 -- 24 (MIPS),160 (PACS),350 (SPIRE) um

Thursday, March 10, 2011



8 s
L]

43'5 B T T v T LN B A | T v T T T T ‘l v TTTTT t-
- [Cn1s58 -
. € . 9 . . o -
atomic (‘forbidden’) spectral lines: s30F :
- important cooling lines : | :
42.5 -
- characterize ISM = :
o 3
- 42.0
. 10 '7W.'m1.' st & E .
10 3 " 3
_ LA ‘ > M5 | \J =l
20 g “E =i :
‘ - L KL‘ SPIRE —— -
-30'16 30 ! ' - _ —
= N 41.0 IRS —
40 n - : ? ‘,i. ) ' 'V,\__. :
” .(()]](»Mm .[()]ll].‘%ﬂum | o 2 F J‘\ AL | L‘_ "' .| :. ' E
- 1077 W/m st 2 | MIPS | 'I ' | B
> 10 = I }{W | \ .n \ ' | -
= A i \ / A X
S 20 - 40.0L . | N | R SRR NG ke
z 1 10 100
s ‘SRR u wovelength (um)
E 10 ! -
S g INII22um [CIT]158um
a Aceng ns 2 oA _ High density PORs: [01] 63um / [Cli] 158um
10 10°E v AN :
20 I 4 , I |
-3016 30 a : =) '
. b e » 8 15 'Gc—' .
10 ' - f;: — 10°F
- o d
so [NI1]205um . PACS 70pum % 2
02h46m20s 195 185 17s 02h46m20s 195 18 17 :-300 16' S
RIGHT ASCENSION (J2000) “ -5
Z &
5 |
& 17
Q
10? " it A -
' 10* 10° 10°
18 Density [cm™)
02"46™25°  20° 155 10°

RIGHT ASCENSION(J2000) characterize ISM
Beirao et al. (2010)
through models

Thursday, March 10, 2011



SPIRE FTS -- many transitions ‘in one shot’

Frequency [GHz]
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H-ATLAS
(Herschel Deep
Field)
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H-ATLAS

(Herschel Deep
Field)
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Conditions in cold molecular gas phase (where
stars form) give rise to rotational transitions.

These are observable in the millimeter regime.

Emission Lines provide a wealth of information about
the interstellar medium:

Velocity Density
Excitation Mechanism Temperature
Phases Abundances/Metallicity

Models help in the interpretation of these data

Thursday, March 10, 2011



CO: brightest molecule that traces

molecular gas

NGC 4214 NGC 2976
-
. -
»
-
NGC 8184 NGC 2903
:
g ‘ ‘..
o *
- * . J
NGC 3521 NGC 2841

NGC 925

NGC 4736

.

NGC 5055

NGC 628

NGC 3357

NGC 733171

'
/

NGC 3198

NGC 6946

HERACLES:
The HERA
CO—Line
Extragalactic
SUrvey

Leroy et al. 2009
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High fidelity maps reveal complex structure / gas
In interarm regions
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Molecular gas (CO) detected out to the most distant quasars (z=6.4)
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multiple transitions

"Size ~ 5.5 kpe » FWHM = 305 km/s

= M(H2) ~2x10'°M_ ez=6419 +/-0.001

=My, ~5x101°M * M,.s/Myuse ~ 30 (~ starburst gal.)
yn sun

Walter et al. 2004
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the future is now: ALMA
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i radio

the future: SKA
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Origin of Radio Continuum Emission

€ wavelength [cm]
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Radio —What do we see?

synchrotron
due to interaction
(no SF relation)

Thermal &
non-thermal
Due to SF region

Synchrotron
Diffusion from

SN

Synchrotron due
to spiral shocks
(no SF relation)

[—
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Empirically observed Radio-IR relation

L L L DL B i !
i S|FIR)]
241 local | 0= log oot = const
- star forming
=~ 22 galaxies
= : q radio continuum traces very well
N 2271 - (high-mass) star formation
2 21F —
o -
© 90t - :
- Over 4 orders of magnitude
19 i » 7 L
A From starbursts to normal
N PR TR T TR S T S - PR T [ T T T |

> 8 a9 10 11 19 Star forming systems

091 (Lir/Lo) ~ SFR o |
Main driver: Star Formation

de Jong et al. (1985), Helou et al. (1985)
Bell (2003),Yun, Reddy, Condon (2001)
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SF Massive uv Dust
stars heating

SN

GMC

SNRs

CR
(I' Synchrotron

B field
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radio deep fields
(here: COSMOS)
mostly trace
AGN/radio galaxy

population...
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pA N !ine of qtmic hydrogen (H|)T H l N GS

The HI Nearby
Galaxy Survey
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Questions that we want to address in this lecture are:

- why is the current population so regular

- when were the galaxies’ masses assembled

- when/how did the stars form 5

- why do galaxies emit radiation over ~10 decades in frequency

- what do they do to the rest of the universe
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