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Outline

* Historical review of studies on the star-
formation history of the Universe: from
the 90s to the 21° century

* Paradigm shift in our understanding of
galaxy formation: the role of AGN

* AGN/galaxy co-evolution studies:
observations and models



How do galaxies form and evolve?

z=0 z=1000

How??

t=13.7x10%



How do galaxies form and evolve?

* Only 5-10% of galaxies host powerful
Active Galactic Nuclei at their centres

* Until recently AGN were though as
exotic objects with no relevance to
galaxy formation/evolution

 Early efforts to understand galaxies
focused on their stars, i.e. when and
how they were formed.



Evolution of the Universe in
the 90s

Galaxy number
counts:

More galaxies at
high redshift than
at z=0
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Evolution of the Universe in
the 90s

Spiral galaxies
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HST showed that the Hubble
sequence breaks down at high
redshift: Irregulars become the
dominant population.

Hubble sequence well defined at
z=0. Most galaxies fall into
spiral/elliptical classes.



Ultra-violet as star-formation
indicator

* Young massive
stars
— T~10*-5x10°K
— Spectrum pea(!<s
at UV (<3000A)

* UV luminosity
‘ . i scales with star-
Starburst NGC 4449 . formation rate




Rest-frame UV galaxy surveys

UV surveys

red=hiflf space

B2ES5 palaxies




Star-formation history of the
Universe in the '90s

* UV luminosity as
SF indicator:
Lyy~ SFR

* Majority of stars
formed at z=1-2

* Drawbacks:

— dust extinction

— Incomplete
samples at z>2

-2.5

log p; (Mg, yr~! Mpc=5)

3.8

-4.5

Madau 1998 |

|
th
[

Toody a4k ®K) *d 0

|
&0

|
i



Bound-free transitions of
Hydrogen

Hydrogen Atom
(with allowed electron energy levels n =1, 2, 3, etc.)

Lyman Limit (912A) corresponds to the
energy required to ionise neutral
hydrogen, i.e. excite the electron from -~

n=1 to the continuum. / .._:f\
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Bound-free cross section for
H-like atoms
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Lyman break in galaxies

Hydrogen is the most abundant
atom in galaxies.

Therefore almost ALL photons
more energetic than 912A are
absorbed by hydrogen and
excite it.

Galaxy spectra look like step
function around 912A: Lyman
break
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Lyman Break Galaxy selection

* Iyman break: 912A

. galaggy light below
912A1s absorbed by

the ISM: sharp cutof
in galaxies' SEDs.

* IHigh-z galaxy
selection method

using broad-band
photometry

Steidel et al.
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Lyman Break Galaxy selection

* lyman break: 912 A

. galaggy light below
912A1s absorbed by

the ISM: sharp cutof
in galaxies' SEDs.

* High-z galaxy
selection method
using broad-band
photometry
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Lyman Break Galaxy selection

- I
12 | redshift =

selection method
using broad-band
photometry
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Lyman Break Galaxy selection

Typical intrinsic spectrum
of massive star

* lyman break: 912 A T R Ty
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Lyman Break Galaxy selection

* Selection of high
redshift galaxies using
simple colour cuts

22h Field, & < 25.5

(4]
T T

* Extremely efficient
— High success rate 7.
— Low contamination

 Well defined selection
function

[=]
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* Large numbers of z~3
and z~4 starbursts



Dust in LBGs

* UV continuum slope
indicator of dust
extinction

* LBGs show steeper UV
slopes than expected:
dust reddening

« SFRs inferred from Ly

should be revised
upward by factor 3-7.
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Star-formation history of the
Universe in the '90s

* Selection of large Dl s
samples of z~3 o |
and z~4 galaxies o |

+ Selection function "R
well defined e

» Extinction B S
corrections 4

Steidel et al. 1998



Star-formation history of the
Universe in the '90s

* sub-mm observations:

 sub-mm =
dust independent SF j + ‘
estimator L
* UV underestimates the ? *%4 "L e

 contamination of sub-

mm samples by AGN?

Barger et al. 2000




Star-formation history of the
Universe in the 21 century

0 1 2 3 4 ] 6 7
| T T L) L) 1 I I

0.1

py (Mg yr™* Mpe™)

001

Hopkins & Beacom 2006

L 1 )
0 02 04 0.6 0.8
log{1+z)




Cosmological simulations of
galaxy formation

7=57 z=1 4

z=0

Mllenium imulation, Springel et al. 2005
Cold Dark Matter
simulations

Evolution of dark matter
haloes

Gravity only



Hierarchical evolution of the
Universe

Observation: 2dFGRS S'mUt'On
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Cosmological simulations of
galaxy formation

z=57 z=1

z=O

Millennium Simulation, Springel et al. 2005

Cold Dark Matter
simulations

Evolution of dark matter
haloes

Gravity only -

Physically motivated
prescriptions to describe
galaxy formation




Cosmological simulations of
galaxy formation

Cosmological
simulations can
reproduce star-
formation history
of the Universe
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Cosmological simulations of galaxy

formation
Cosmological sims: too Modet
many massive galaxies ‘1\% _— )
at z=0 than those y (LU by,
observed %

é | a 2MASS

Gas cools too efficiently ¢ | HETEE
in simulations leadingto 1f
high levels of star- " 1
formation. 0 sz ea oz =

K

Fontanot et al. 2007



Cosmological simulations of galaxy
formation

Semi—Analytic

redshift
Cosmological simulations: too

many massive blue (star-forming)
galaxies at z~1

LI B
| GOODS Data

redshift

Need to suppress star-formation
in massive galaxies at z~1.
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Evolution of AGN & Star-formatio
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AGN and star-formation have
similar evolution patterns
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* Rapid increase to z~1

* Flattening up to z~4

* Possible decrease at z>4




Massive black holes at the centres of
galaxies

Black hole mass correlated to
host galaxy bulge mass.

2

Formation of bulge and growth
of black hole are related.

2

_ AGN play a significant role in
Mass of central bulge . .
the evolution of galaxies

Correlation Between Black Hole Mass
and Bulge Mass
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AGN: active super-massive
black holes




Binding energy of a galaxy
bulge

* Galaxy bulges
resemble ideal gas

—e
Sl [N
— Pressure from stellar /:\ .\[1 \

motions

— No collisions between

stars
* Kinetic energy /

T=0.5-M-0*
* Binding energy
U=2T=M-0°

Spectral line

Ko v2r) ==




Effect of AGN energy output on the

host galaxy
Total energy Binding energy of a
radiated by AGN: galaxy bulge:
E=nMg,,c? Epuige™Muige0*
M. . ~10°M Mp,i5~10" Mg
N ’ 0=200km/s
EradiatedmlI O6Oerg Ebinding~1 058€rg

1% of the AGN output can blow the galaxy apart



M., -o relation
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King 2003

fg: gas fraction

pridr =

2R

G




Equation of motion:

d(M(R)R)

= p(R)*v *4nR’
: d pIR)* v xdn

Force on shell is from ram
pressure, Pram=p-V?

Applying mass continuity equation:
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M., -o relation
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AGN feedback and galaxy
evolution

Simualtion of a galaxy merger with/without AGN
winds (Di Matteo et al. 2005, Springel et al. 2005)


http://mail.google.com/mail/?ui=2&ik=ff3d5a771b&view=att&th=12047c24d3c4d7e3&attid=0.1&disp=inline&zw
http://mail.google.com/mail/?ui=2&ik=ff3d5a771b&view=att&th=12047c24d3c4d7e3&attid=0.1&disp=inline&zw

(c) Interaction/“Merger”

NGC 4676

- now within one halo, galaxies interact &
lose angular momentum

- SFR starts to increase

- stellar winds dominate feedback

- rarely excite QSOs (only special orbits)

(b) “Small Group”

- halo accretes similar-mass

companion(s)
- can occur over a wide mass range
- Mhaio still similar to before:
dynamical friction merges
the subhalos efficiently

(2) Isolated Disk

M8I

- halo & disk grow, most stars formed

- secular growth builds bars & pseudobulges
- “Seyfert” fueling (AGN with Mg>-23)

- cannot redden to the red sequence

SFR [Mg yr']

NGC 6240

- galaxies coalesce: violent relaxation in core
- gas inflows to center:

- starburst dominates luminosity/feedback,
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starburst & buried (X-ray) AGN

but, total stellar mass formed is small

- BH grows rapidly: briefly
dominates luminosity/feedback
- remaining dust/gas expelled
- get reddened (but not Type Il) QSO:
recent/ongoing SF in host
high Eddington ratios
merger signatures still visible
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Hopkins et al. 2008

(f) Quasar

PG Quasar Hosts

- dust removed: now a “traditional” QSO
- host morphology difficult to observe:

tidal features fade rapidly

- characteristically blue/young spheroid

(g) Decay/K+A

- QSO luminosity fades rapidly
- tidal features visible only with
very deep observations

- remnant reddens rapidly (E+A/K+A)

B S i o e
C g - sets up quasi-static cooling

(h) “Dead” Elliptical

M359

- star formation terminated

- large BH/spheroid - efficient feedback

- halo grows to “large group” scales:
mergers become inefficient

- growth by “dry” mergers



Multi-wavelength observations

Energy discharges
from atomic nuchei

AGN activity
(hard X-ray)
Medical applications 104
(soft X-ray)
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Observational constraints on
AGN/galaxy co-evolution models

* Morphology of
AGN hosts:

* Merger model
predicts many
irregulars

* NOT observed!




Observational constraints on
AGN/galaxy co-evolution models

* Environment:
— Small scale
— Large scale
* Mergers predict

pairs and low
density environs

* Under debate




Observational constraints on
AGN/galaxy co-evolution models

* Star-formation:

* Mergers predict ..
high SFRs In
AGN hosts

* Under debate

* Breakthrough is
expected from

Herschel data



Summary

* AGN play a fundamental role in the
formation and evolution of galaxies.

* The details of the symbiotic relation of
AGN and galaxies are a subject of
intense observational studies
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Bound-bound transitions of
Hydrogen

Lyman series: transitions to n=1 shell.
Lya (1216A) transition from n=2 to n=1
LyB (1026A) transition from n=3 to n=1

Lyy (972A) transition from n=4 to n=1

Hydrogen Atom

(with allowed electron energy levels n =1, 2, 3, etc.)
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