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A FEW WORDS ON GALAXIES 
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Star-forming galaxies are blue, dense and dusty spirals including a thin 

fast rotating disc with young stars, a bulge (possibly barred), and a halo 

containing low metallicity stars. Ellipticals, made of old stars and 

containing little to no dust do not form new stars. Both types usually 

have a black hole in their centre, with masses ranging from a few 

million to a few billion solar masses, and are contained in large dark 

matter haloes, the more so the more massive they are. 

ESO 325-G004 Pinwheel Galaxy 4 



Many galaxies are gravitationally bound to others and interact. 

Encounters have consequences that depend on the impact parameter 

and the mass ratio. They often result in mergers that play an important 

role in the evolution of structures in the Universe. Minor mergers of a 

spiral and a galaxy having a mass an order of magnitude smaller 

simply disturb the morphology of the spiral by wrapping the disc and 

making the bulge thicker and hotter. Major mergers between two 

spirals, the mass of the smaller exceeding a third of the mass of the 

larger, destroy the disk morphology, the final product being an 

elliptical galaxy.  

ESO 510-G13, HST NGC-3597 5 



We have a galactic black hole in our backyard, which 

can be studied in detail… but the black holes of other 

galaxies, particularly the most distant, are more 

difficult to access… Understanding their genesis and 

role in galaxy evolution is an important issue. 

M(Sgr A*)=4.0±0.2 million solar masses 
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Galaxies are distributed in a cosmic web of filaments in the Universe. 

The locations where the filaments meet are dense clusters of galaxies 

that began as small fluctuations in the early Universe. Simulations 

reproduce the clustering of dark matter preceding that of gas (H and He) 

and galaxies growing by accreting smaller galaxies while the dark 

matter stays mostly on their outer parts. They successfully predict the 

presence of large voids, with densities ~1/10 the cosmological mean. 7 



 

While dark matter, having no radiation pressure, accelerates the formation of 

dense haloes, it prevents the formation of smaller structures because it cannot 

dissipate angular momentum. On the contrary, baryonic matter can collapse 

to form dense objects by dissipating angular momentum through radiative 

cooling.  

Star and galaxy formation is inefficient: only ~5% of all baryons are in stars 

at z=0. Dark matter haloes and their baryon contents have grown by ~two 

orders of magnitude between z~3 and 0.  
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Condensation implies transition from a Keplerian regime to accretion, 

meaning dissipation of kinetic energy and angular momentum. 
A circumstellar disc made of gas (mostly hydrogen and helium) and 

dust results, part of which condenses in planets. 

As soon as the first stars form, the heavier of these, which live only a 

few million years, fuel the interstellar medium with metals and dust 

that will be available for the next generations. 

Stars form from 

condensation of 

molecular clouds 

hosting several 

cores, each giving 

birth to one or two 

(or more) stars.  

STAR 

FORMATION 
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WHAT WE CAN OBSERVE 
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At z between 1 and 3, maximum of galaxy formation, one looks at the 

Universe some 2 to 6 Gyr after the Big Bang and 1” (~5 μradian) 

means an angular diameter distance of ~1.6 Gpc or a distance at the 

source of ~5×1.6=8 kpc, the distance of the Sun to the centre of the 

Milky Way. 
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Gravitational lensing 
 

A majority of observed distant galaxies are gravitationnally lensed, with 

typical magnifications of one order of magnitude or more. The price to 

pay is difficulty in interpreting the distorted image. As lensing is 

frequency independent, quasar hosts have the advantage of revealing the 

lensing potential from the images of the point source. The bias favours 

sources near the cusps of the caustic, where magnification is maximal but 

affected by very large gradients. 

8 kpc 

Caustic 

Critical 
curve 

PSS J2322+1944 
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We use telescopes (single dishes) and interferometers 

on ground (visible, radio and mm/sub-mm), telescopes 

in space (all wavelengths). Images are a projection on 

the sky plane: de-projection is a major challenge, 

complicated by the problem of optical thickness, 

requiring guess-work; axisymmetry helps with stellar 

astrophysics, much less with galaxies. Doppler 

velocities (projected on the line of sight) are available 

for atomic and molecular lines but not for the 

continuum below. Best spatial resolutions are a 

fraction of an arcsec, best spectral resolutions a few 

km/s. Interferometers offer better spatial resolution 

and sensitivity than single dishes, in spite of having 

smaller antennas; but the image is the Fourier 

transform of what is measured (visibilities). 
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At 5000 m altitude, in the Atacama desert (Chile) ALMA is the  

world leading millimetre/sub-millimetre  interferometer (66 

antennas,  up to 15 km baselines) 

It is managed as a consortium by US, Europe and Japan and 

makes its observations openly available 1 year after collection, in a 

reduced form: at variance with accelerator data, any team can 

efficiently analyse archival data. 
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At large redshifts, in addition to star emission in the visible, we 

learn about the dust content and the Star Formation Rate (SFR) 

from the Far Infrared (FIR) continuum distribution, about the gas 

content from molecular lines (mostly CO), about Active Galactic 

Nuclei (AGN) from their radio and X ray emissions. Spectral 

Energy Distributions (SED) and gas emission ladders are 

important data for the interpretations of these observations. 

FHWM=120±14 km/s 
CO(7-6) 

Gas 

Continuum 

Dust 

RXJ0911 

16 



OBSERVING THE DUST 
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The FIR luminosity detects the heating generated 

by star formation from the black body radiation 

of the dust and approximately measures the star 

formation rate at all redshifts.  

Z=0 Z=0 

Polycyclic  

Aromatic  

Hydrocarbons 

Hot dust 

Cold dust 

FIR (Far InfraRed) SED (Spectral Energy Distributions) 

L70 vs SFR 

LFIR vs L8 
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However a small change in shape, measured by an increase of the ratio 

of the 8 micron luminosity to the total FIR luminosity, reveals the 

presence of a separate family of starbursts, relatively more compact 

and forming more stars, believed to be triggered by mergers as 

opposed to galaxies forming stars via steadier processes.  

compact 
SFR vs M* SFR vs LFIR 

SFR vs R8 
LOCAL 

SFR vs R8 
Z>1 

QSO 

SFR vs M* 
 
compact 

SFR  vs LFIR 

19 



  

Starburstiness, RSB , defined as 

the relative value of the SFR, is 

also a measure of the mass 

doubling timescale. IR8 , 

relative value of the 8 micron 

emission is correlated to RSB 

for both local and distant 

galaxies. For galaxies that are 

spatially resolved, compactness 

and IR8 are correlated, high IR8 

values being associated with 

large compactness. Large RSB , 

large IR8 , compact galaxies 

also stand out in the SFR vs 

M(stars) diagram.  

5'' 

STARBURSTS 

HST images 20 



Most local ultra-luminous infrared galaxies are experiencing 

compact star formation during a starburst phase, at variance with 

the most distant ones. There is some evidence that SB are 

associated with major gas rich mergers. Most probably, the very 

high SFR values of those local can only be achieved during 

mergers, whereas distant galaxies are more gas-rich and do not 

need mergers to sustain such large SFR values.  

In both normal and starburst galaxies, IR emission is primarily 

powered by star formation and not AGN activity. Gas consumption 

time scales may be an order of magnitude or more shorter for SB 

(107 to 108 years) than for normal (~109 years).  

 

21 



OBSERVING THE GAS 
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The signal increases with temperature 

and density 

Quasar hosts reach the higher level of 

excitation (high SFR, compact emission 

region) 

CO EXCITATION 

LADDER 
 

CO is the main tracer 

of cold gas thanks to 

its high moment of 

inertia in spite of 

CO/H2~10-4 

QSO 

MW 
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The FIR luminosity increases with the CO luminosity for local as 

well as distant galaxies. Hyper-SB galaxies, quasar hosts and 

powerful radio galaxies show the most extreme gas properties in 

terms of gas excitation, star formation efficiency and compact, 

although complex, gas morphologies, suggesting compact, hyper 

SBs simultaneous with AGN accretion. 

GAS vs DUST 
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FWHM CO line widths show little correlation with both CO and 

FIR luminosities. Only local line widths are corrected for 

inclination, which is unknown for distant galaxies. 

When the gas and/or dust emissions can be spatially resolved, they 

often display clumpy and turbulent morphologies at the ~10 kpc 

scale but also, sometime, give evidence for rotating discs. 
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OBSERVING THE CENTRAL BLACK 

HOLE 
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27 

Black hole masses are 

measured from the 

kinematics of the 

surrounding  ionized gas 

(luminosity and FWHM 

of Balmer HI line) or  

variability of X ray 

emission. 

 

They are strongly 

correlated to the velocity 

dispersion of the gas in 

the host galaxy 
 

QSO Z~6 

Xray 

variability 



The M-σ diagram  relates the mass M of the black hole to the 

velocity dispersion σ, MBH ~ 0.2% M(bulge). 
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At high redshifts, the lack of knowledge of inclination of the 

disc with respect to the plane of the sky is an important 

factor of error on the velocity dispersion 



EVOLUTION OF GALAXIES 
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FUV+IR 

SFR DENSITY vs REDSHIFT 

IR & UV 
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Use a crude model with universal Initial Mass Function,  constant 

metal yield and instantaneous recycling for mass >~1 to 2 solar 

masses to construct a star formation history and compare with what 

we observe today at z=0.  



  

The mass fraction between 

molecular gas and stars in 

massive disc galaxies 

increases by an order of 

magnitude from z=0 to z~2. 

Hence, the peak of cosmic 

star formation corresponds to 

the epoch when typical star 

forming galaxies were 

dominated by cool gas, not 

by stars. 
 

GAS TO STAR RATIO vs REDSHIFT 
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STELLAR MASS DENSITY vs REDSHIFT 
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COSMIC CORE-COLLAPSE SN RATE vs REDSHIFT 
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SPECIFIC STAR FORMATION RATE vs REDSHIFT 
(how much fractional mass forms per Gyr) 
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Global model 

includes more 

and more passive 

galaxies when z 

decreases 

Star forming 

galaxies M~109.4 

to 1010 solar 

masses  



METALLICITY vs REDSHIFT 
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Metallicity is strongly correlated with the dust to gas ratio for local 

galaxies and decreases with redshift. Star formation between Big 

Bang and z~2.5 (2.5 Gyr later) was sufficient to enrich the Universe 

as a whole to 1% of solar metallicity.  

Centre of galaxy clusters 

Global~10% solar 

OVI 

CIV CII 

CIV 



Reionization after dark ages 
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The rise of the mean metallicity of the Universe to ~1 ‰ solar  

1 Gyr after Big Bang was accompanied by the production  

of fewer than 10 ionizing photons per baryon,  

implying ~25% escape probability from galaxy to IGM,  

a high value compared to what is observed at z<~3. 

Ionizing photon yield 

vs metallicity 

Ionizing photon yield 

vs redshift 

Z=0 

Z=Z(Sun) 
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SFR vs SMBH HISTORY 

BH accretion 

from IR  

from Xray 

Star 

formation 

SFR density 
 

Luminosity density 



The star formation rate density peaked ~3.5 Gyr after the Big 

Bang, at z~1.9, and declined exponentially at later times with a 

time scale of ~3.9 Gyr. Half of the stellar mass observed today was 

formed before z=1.3. About ¼ formed before the peak and another 

¼ after z=0.7. Less than 1% of today’s stars formed during the 

epoch of reionization. The comoving rates of star formation and 

central black hole accretion show similar rise and fall, giving 

evidence for co-evolution of black holes and their host galaxies. 

The detection of CO, [CII] and dust out to z~7 when the universe 

was less than 1 Gyr old and when there had been little time to 

enrich the ISM with C and O reveals the coeval formation of 

massive galaxies and SMBHs in extreme starbursts at such early 

times. 
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How do SMBH grow? 
Accretion of material from host 

galaxy (AGN) or mergers?  

 

To answer, assume that all 
SMBH grow through accretion 
(AGN); observe high z AGNs 

and deduce their mass and mass 
accretion rate from their intrinsic 

luminosity; integrate mass 
accretion rate over time for the 

whole population and extrapolate 
the mass the SMBH would have 
at z=0; compare with masses of 

SMBH observed in local 
galaxies. 

 
Good match implies that growth is mostly though accretion (not 
mergers) in luminous AGN phase (most massive built 1st and in 

quasar phase); as time goes, growing SMBH become increasingly 
obscured. Growth is correlated with star formation in host galaxy. 



SOME CASE STUDIES 
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J123707+6214 (z=2.49) is unlensed with a gas morphology 

showing two similar components, ~20 kpc away from each other, 

with respective masses of 4.3 and 3.5×1010 M⊙. The morphology 

is consistent with that of an early-stage merger.   
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CO(1-0) 
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HST 
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The Cloverleaf (z=2.56) is a gravitationally lensed quasar host but 

the quasar image does not allow for measuring reliably the lensing 

potential. The most convincing analysis suggests a disc structure 

with a size of ~0.8 kpc for the gas component. The size of the 

continuum component is estimated at the same scale.   
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CO(7-6) 122 microns 



SPT 0538-50 (z=2.78) is a dusty star forming galaxy seen as two 

components separated in both position and velocity. They are 

interpreted as giving evidence for a merger. The lensing model 

produces two images and is poorly constrained, the lens being 

also poorly identified. Evidence for the gas component to be 

larger than the dust component is convincing as is evidence for 

the size of the gas component to decrease with J.  
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CO(1-0) 870 microns 



RX J0911 (z=2.8) is a gravitationally 

lensed quasar host. The lensing 

mechanism is well defined by HST 

observations that resolve both the four 

images and the lens galaxy. The sizes of 

the gas and dust components are 

measured with a precision of ~9 standard 

deviations, the latter  being 3.4±0.4 times 

smaller than the former (2.6±0.3 and 

0.76±0.08 kpc respectively). No evidence 

for a recent merger can be found at a 

precision of ~0.3 kpc for the quasar/dust 

separation and ~1.1 kpc for the 

quasar/gas separation. Excitation of 

CO(11-10) and CO(10-9) suggests 

heating from the central black hole. 
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CO(7-6) 

358 GHz 



SMM J02399 (z=2.81) is interpreted as a merger of two or more 

galaxies distant from each other by ~10 kpc lensed by a foreground 

cluster with low magnification (~2.38). One of these hosts the quasar. 

Lensing is poorly defined. The size of the dust images is much smaller 

than that of the gas images. A detailed interpretation is difficult. 
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122 µm (red);  

NII] 122 µm line (cyan);  

1.4 GHz continuum 

(green);  

CO(1-0) (yellow); 

overlaid on HST image 

(with peaks marked as 

blue crosses). 



SDP.81 (z=3.04) is by far the source that offers the clearest interpretation 

with high spatial resolution and high sensitivity observations in both gas 

and dust, as well as with accurate HST observations that greatly help to 

define the lensing potential. It is gravitationally lensed by a single lens 

galaxy in the foreground into four images. The comparison, in the source 

plane, of the gas, dust and optical emissions displays a very complex 

structure giving evidence for merging. 

48 

Source 
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SDP.81 reconstruction in the source plane 
Continuum 261 GHz (dust) green;  

CO (5-4 and 8-7) red;  

UV/optical grey. 



APM08279+5255 (z=3.91) appears in both line and continuum 

observations as two clear images plus a weaker third image 

interpreted as a quad lensed from an inclined unobserved galaxy 

in the foreground. The lensing mechanism is poorly defined. The 

data suggest a compact source of a size at the scale of ~0.5 kpc. 
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PSS J2322+1944 (z=4.12) is a gravitationally lensed quasar host. 

The lensing potential is reasonably well defined. Evidence for a 

star forming disc with a radius of ~2 kpc and a concentric gas 

reservoir with a radius of ~5 kpc is obtained. Both are essentially 

concentric with the quasar.  
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BRI 1335-0417 (z=4.4) is an unlensed quasar host with a gas 

component of a size of ~5 kpc displaying a complex morphology 

with at least three sub-components suggesting a merging 

morphology. The continuum source has sizes varying between 0.5 

and 2 kpc depending on wavelength with no resolved 

substructure. 
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CO(2-1) 1.4 GHz 



SUMMARY 
 

Our knowledge of the early Universe is very recent and still in 

infancy. Major progress has been and will continue to be achieved, 

in particular from infrared and millimetre/sub-millimetre 

observations. The current picture is that of a co-eval formation of 

galaxies with their central supermassive black hole, marked by 

early starbursts, partly triggered by mergers and resulting in 

dense and compact regions of large star formation rate, with 

enhanced accretion on the central black hole. One Gyr after the 

Big Bang, the Universe was already strongly enriched in metals. 

The role of dark matter in the early condensation into a web of 

filaments and nodes surrounding large voids is reasonably well 

described by simulations. This chapter of astrophysics, even if not 

directly addressing unanswered crucial questions concerning dark 

matter and dark energy, explores new terra incognita that may 

reveal some of their effects. 
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