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From CMB to present-day structures
At Recombination (t~1 Myr, z~1100): 

universe is homogeneous and 
isotropic (Δρ/ρ~ 10-3)

Now (t~13.5 Gyr, z~0): universe is 
still  homogeneous and isotropic 

on large scales (L > 100 Mpc) but 
many structures have formed at 

smaller scales (galaxies, clusters 
of galaxies, super-clusters).

?



The cosmic background is the 
fossil relic of baryon activity
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Time since the 
Big Bang 

z~ 1000
380,000 yr

z~ 30-20
100-200 Myr

z~ 7-6
1 Gyr

z = 0
13.6 Gyr

 

← Big Bang 
 universe is filled with hot plasma

← Recombination 
 universe becomes neutral 
 Dark ages start

← Formation of first stars and 
quasars begins re-ionization

small density fluctuations grow 
by gravitational amplification 

mini-halos  106 M⊙ at z ≈ 20

← Reionization is complete
 Dark ages end

← Present-day Universe

 
Galaxies evolve and are 
observable

 

 
QSOs  1012-1013 M⊙ at z ≈ 6 - 7

proto-galaxies  108 M⊙ at z ≈ 10



Hierarchical galaxy formation
ΛCDM with !M=0.3 (!b=0.04), !Λ=0.7:
@recombination dark matter is in small ‘seeds’;
seeds collapse to form small halos;
small halos merge to form larger structures.

after recombination gas cools in DM halos and 
forms protogalaxies (disks → spiral galaxies);

in DM halos protogalaxies merge to form larger 
galaxies (merging of disk galaxies → ellipticals);

merging/interactions trigger strong star form.; 
→ observable, enrich gas with metals

massive BHs in galaxy nuclei grow giving rise to 
AGN activity → observable

when BH is massive enough (~107-108 M⊙), 
feedback from BH accretion sweeps away gas 
galaxy stopping BH growth and star formation
→ avoid too many luminous galaxies locally
→ BH-galaxy coevolution
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Marconi & Hunt 2003
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Local BHMF

BHMFs from AGN

Tight link between BH growth and galaxy evolution.
MBH growth from accretion, ~MBHc2 is released, larger than galaxy 
gravitational energy!
AGN feedback on host galaxy: L = ε (dM/dt) c2, radiation pressure expels gas 
from galaxy → stops BH accretion and star formation.
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul
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Local BHMF

BHMFs from AGN

Tight link between BH growth and galaxy evolution.
MBH growth from accretion, ~MBHc2 is released, larger than galaxy 
gravitational energy!
AGN feedback on host galaxy: L = ε (dM/dt) c2, radiation pressure expels gas 
from galaxy → stops BH accretion and star formation.



Observatories
ESO VLT
(3000 Å - 2.5 μm)

Chandra & XMM-Newton
(0.5-10 keV)

HST
(1000 Å - 2.5 μm)

Spitzer
(3 -180 μm)

Herschel
(55 -670 μm)



Dinamica del gas nelle galassie ad alto redshift

progetti AMAZE (PI: R.Maiolino) e LSD (PI: F.Mannucci)

Campione di galassie a z~3

Spettri integral field SINFONI

Fixed wavelength
2D image
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Feedback from quasar
Quasar at z=2.4 (20% age of universe), L= 2 "1014 L⊙ 
Observed with VLT+SINFONI (IFU operating at 0.9-2.5 μm)

8. Attachments (Figures)

Fig. 1: Spectrum of 2QZ222006.7-280324 in the Hβ (left) and Hα regions obtained from our SINFONI data. The
asymmetric [OIII] line profile, characterized by a prominent blue wing is clearly visible. The thick horizontal
bar under the blue wing of [OIII] represent 1800 km/s at that wavelengths.

Fig. 2: Velocity map of the broad blushifted [OIII] component. The zero velocity corresponds to the peak of
the narrow [OIII] emission. The contours represent the surface brightness of the broad Hβ which provides
the location of the AGN and the spatial resolution of the observations (FWHM = 0.35��). The crescent-moon
shaped region color-coded in blue (outflowing velocity of ∼ 400 − 500 km/s), ∼ 0.2�� North-East of the AGN
location (peak of broad Hβ emission), represents a fast outflow at galactic-scales (∼ 4 kpc) .

- 4 -

4 kpc

To accelerate gas to ~450 km/s over 2 kpc need Lkin ~#1044 erg/s
Typical timescale of activity for quasar ~30 Myr implies total Ekin~1059 erg
Egrav of galaxy with 1011 M⊙, Re~4 kpc is similar 
→ FIRST EVIDENCE FOR VERY ENERGETIC FEEDBACK ON HOST 
GALAXY! Marconi et al. 2010, in prep.



Highlight: chemical fund. relation
H and He cosmological origin, other elements are created by stars.
Stars form from pristine gas accreted from outside.
Stellar winds and supernova explosion disperse these elements (“metals”) 
inside and outside the galaxies.
Abundances of the elements reveal the history of galaxies in terms of star 
formation, SN explosion, infall and outflow of gas.

Mass-metallicity relation:
tight relation between stellar mass 

and chemical abundance: more 
massive galaxies are also more 

“metal” rich (σ=0.10 dex)

mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star, the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.

ORIGIN OF MASS-METALLICITY RELATION 907No. 2, 2004

Local Universe 
(Tremonti et al. 2004)



Fundamental chemical 
surface 
Abundances depend on 
mass and star formation 
rate, σ=0.04 dex
(Mannucci et al. 2010)

1924 F. Mannucci et al.

Figure 5. Evolution of the mass–metallicity relation from z = 0.07 (Kewley & Ellison 2008) to z = 0.7 (Savaglio et al. 2005), z = 2.2 (Erb et al. 2006a)
and z = 3–4 (AMAZE+LSD). All data have been calibrated to the same metallicity scale and IMF (Chabrier 2003) in order to make all the different results
directly comparable. Turquoise empty dots show the AMAZE galaxies, blue solid dots the LSD galaxies. The solid square shows the ‘average’ LSD galaxy,
having average mass and composite spectrum (see Fig. 4). The lines show quadratic fits to the data, as described in the text.

individual galaxies, as discussed in Maiolino et al. (2008), but this
is the evolution of the average metallicity of the galaxies contribut-
ing to a significant fraction of the SF activity at their redshifts. The
observed evolution implies that galaxies with relatively high stellar
masses [log (M/M!) = 9–11] and low metallicity are already in
place at z > 3, and this can be used to put strong constraints on the
processes dominating galaxy formation.

While stellar mass, based on integrated photometry, is repre-
sentative of the full galaxy, metallicity is possibly dominated by
the central, brightest regions. The presence of metallicity gradients
could have some influence on the observed mass–metallicity re-
lation. These aperture effects are present at any redshift: even at
z ∼ 0, galaxy spectra from Sloan Digital Sky Survey (SDSS) refer
to the central few arcsec of the galaxies. In most models, the central
brightest part of the galaxies are also the most metal rich, therefore,
the use of total metallicities for our LSD galaxies is expected to
produce an even larger evolution.

The effect of ‘downsizing’ (Cowie et al. 1996) on chemical en-
richment is expected to produce differential evolution related to
stellar mass. Stronger evolution for low-mass galaxies is observed
from z = 0 to 2.2 (see Fig. 5). The observed spread of the distribution
and the uncertainties on the single points still make it impossible to
see if such an effect is already in place between z = 2.2 and 3–4.
Constraints on this effect can be derived when the full AMAZE data
sample will be presented.

Using the same representation as in Maiolino et al. (2008), we fit
the evolution of the mass–metallicity relation with a second-order

polynomial:

Z = A[log(M∗) − log(M0)]2 + K0,

where A = −0.0864 and M0 and K0 are the free parameters
of the fit. By using the LSD and AMAZE galaxies, we derive
log (M0) = 12.28 and K0 = 8.69. The values of M0 and K0 for the
samples at lower redshifts can be found in Maiolino et al. (2008),
and can be converted to the present system by subtracting log(1.7)
to M0.

Several published models of galaxy formation (e.g. de Rossi,
Tissera & Scannapieco 2007; Kobayashi, Springel & White 2007)
cannot account for such a strong evolution. The physical reason
for this can be due to some inappropriate assumption, for example
about feedback processes or merging history. When taken at face
value, some other models (e.g. Brooks et al. 2007; Tornatore et al.
2007) provide a better match with the observations, but a mean-
ingful comparison can only be obtained by taking into account all
the selection effects and observational biases, and by comparing
not only stellar mass and metallicity but also all the other relevant
parameters, such as dynamical mass, angular momentum, gas frac-
tion, SFR, morphology and size (see, for example, Calura et al.
2009).

In fact, it is important to emphasize that the galaxy samples used
for Fig. 5 change with redshift. In the Tremonti et al. (2004) work,
the local SDSS galaxies under study constitute an almost complete
census of the local star-forming galaxies, and the derived mass–
metallicity relation shows the average properties of the sample. At

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 1915–1931

R. Maiolino et al.: AMAZE. I. 477

Fig. 10. Comparison between mod-
els/simulations predictions for the mass-
metallicity relation at z ∼ 3 and the results
of our observations. The predictions obtained
by models and simulations are shown with
green points and dashed lines (the aperture
used in the models/simulations is reported
when available). The solid, black lines show
the mass-metallicity relation observed at the
same epochs (interpolated to the same, exact
redshifts of the simulation by using Eq. (2)
and Table 5). The thin black line shows the
observed mass-metallicity relation by using
the masses estimated with the BC03 templates,
while the thick line is the inferred relation
when using the M05 templates.

any constraints on the aperture (i.e. all cold gas); if the informa-
tion from the simulated galaxies is extracted within our obser-
vational aperture (r < 3 kpc) then metallicities are expected to
increase (especially in large massive galaxies) and better repro-
duce the observations. Yet, a potential problem of the Governato
et al. (2007) and Brooks et al. (2007) models is that their form-
ing disks are characterized by modest star formation rates, never
exceeding ∼20 M" yr−1, while LBGs (except for a minority of
them) are characterized by significantly larger SFR, suggesting
that they are in the process of rapidly forming spheroids.

Detailed predictions on the mass-metallicity relation were
also obtained by Finlator & Davé (2008) who used three-
dimensional hierarchical simulations along with detailed out-
flows models. They show that the evolution of the mass-
metallicity relation out to z ∼ 2 can be well reproduced if a
“momentum-driven wind” model is incorporated. The predic-
tions of their model at z ∼ 3 reproduce reasonably well also the
metallicity in massive galaxies (log(M∗/M") ∼ 10.5) observed
by us. However, their model predicts an up-turn of the mass-
metallicity slope at z ∼ 3 which is not observed by us. Yet, the
slope of the mass–metallicity relation is still poorly determined
in our data, due to the shortage of low-mass galaxies; we should
wait for the completion of the AMAZE program before claiming
any significant inconsistency with the model in terms of slope of
the relation.

In the bottom-right diagram of Fig. 10 we also show the
mass-metallicity relation expected by the double-infall mod-
els for the formation of galactic disks and dwarfs presented in
Chiappini et al. (2001) and Cescutti et al. (2007). The green
points show the mass-metallicity relation of spirals according
to these models, by tracing back their evolution until z = 3.5.

The figure shows a significant discrepancy between the model
and the observations. Such a discrepancy is not surprising, since
LBG’s at z > 2 are probably spheroids in the process of rapidly
forming stars, and not spirals. More specifically, in the double-
infall model for disks the star formation rate never exceeds a few
times 10 M" yr−1, while the median SFR of LBGs is 90 M" yr−1.

Summarizing, there are currently no models or simulations
that can satisfactory explain the mass-metallicity relation ob-
served at z ∼ 3. The closest match is probably with the simu-
lations of Governato et al. (2007) and Brooks et al. (2007), al-
though even in these cases there are some discrepancies in terms
of SFR. The location of LBG’s at z ∼ 3 on the mass-metallicity
plane, along with comparison with these models, suggest that
z ∼ 3 galaxies have been assembled through low mass systems
whose star formation efficiency was suppressed, hence which
were little evolved. The bulk of the star formation and of the
chemical enrichment occurred once small galaxies were already
assembled into bigger systems. In other words, most of the merg-
ing occurred before most of the star formation.

We conclude this section by comparing in Fig. 11 the loca-
tion of z ∼ 3.5 galaxies on the mass-metallicity diagram with
the evolutionary tracks (as a function of time) expected for indi-
vidual spheroidal galaxies, according to the models in Granato
et al. (2004) and Pipino et al. (2006). These models prescribe
a nearly monolithic formation of elliptical galaxies, where pris-
tine gas collapses from the halo. In these models star formation
is gradually quenched as the galaxy evolves due to the feed-
back introduced by star formation and/or AGN activity. The
mass-metallicity tracks of these models are shown in Fig. 11
for different final stellar masses: green solid lines and violet
dashed line are for the Granato et al. (2004) model and for the

Mass-Metallicity 
relation at z~3
strong z evolution;
tight constraints on 
models.
(Maiolino et al. 2008, 
Mannucci et al. 2009)



Metallicity gradients at high redshift
Current understanding: strong star 
formation triggered by merging events
But many galaxies with high star 
formation rates have rotating disks, 
not consistent with merging!

Three galaxies at z~3 which show 
ordered rotation associated to strong 
SF.

VLT+SINFONI observations: 
metallicity gradients → strong star 
formation in central metal poor 
regions (gradients in opposite 
direction as expected) → accretion of 
pristine gas from halo is fueling star 
formation!

Figure 1: [OIII]λ5007 flux, velocity and metallicity maps for SSA22a-C16 (z = 3.065, upper

panels), CDFa-C9 (z = 3.219, central panels) and SSA22a-M38 (z = 3.288, lower panels). The

data were obtained with the SINFONI spectrograph using the 0.125× 0.250�� pixel scale in seeing-

limited conditions, resulting in a spatial resolution of ∼ 0.5�� (Full Width Half Maximum of the

Point Spread Function, PSF). The maps are extracted from the SINFONI datacube after a gaussian

smoothing with FWHM=3 pixels (0.375��). The left panel in each row shows the normalized in-

tensity in the [OIII]λ5007 emission line. The same line has been used to derive the velocity maps

shown in the central panels: the gas kinematics is compatible with a rotating disk, with no evidence

of merger-induced complex dynamics. The right panels show the map of gas phase metallicity, as

relative abundance of oxygen and hydrogen parametrized in units of 12 + log(O/H). The lower

metallicity region, corresponding to a higher [OIII]/[OII] ratio, are surrounded by a more enriched

disk. The crosses in each panel mark the position of the continuum peak.
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Highlight: dust at very high redshift

Valiante, Schneider, Bianchi, Andersen 2010

continuous SFR burst-like SFR

Quasar @z=6.4 (t~850 Myr): MBH~5"109 M⊙, large amount of dust.
Little time to grow BH, NO time to produce dust (AGB need ~1 Gyr).
Evidence for dust produced in supernova shocks (Maiolino+2004, Nature).
Theoretical computations show that the contribution of both SN and AGB is 
required.

SN+stars

AGB

Mstar



Dust in dwarf galaxies
In the hierarchical scenario, dwarf 
galaxies are building blocks of 
larger galaxies. 
Local low-Z dwarfs are analogues 
of high redshift protogalaxies.
Despite their low metallicity (which 
means they are chemically 
unevolved, similar to primordial 
systems), most dwarfs contain a 
significant amount of dust!

Spitzer spectrum of the two most 
metal-poor dwarf galaxies in the 

Local Universe Hunt et al. 2009



Eclipses of X-ray source in AGN

Sorgente X!

Can estimate:
source dimensions
(consistent with 
expectations from models)
Structure/distance of clouds 
from BH (cometary tails ..)

Spectral variations during eclipse due to 
absorption (time scale of variation ~ days)

Risaliti et al. 2007-2009



Emission from accretion disks
AGN continuum emission from the 
inner parts of a thin, optically thick  
accretion disk → Lobs $ Lint cosθ 

NO 
evidence 
so far!

Observations of ~6000 quasars 
(z~0.4-0.8) from SDSS survey, 
measure 
W = L([OIII]5007) / λLλ(5100Å) 
(line equivalent width).

Distributions shows high W tail as 
expected from Lobs $ Lint cosθ 
behaviour (after taking into account 
selection effects).

2 G. Risaliti et al.

Figure 1. Distribution of EW([OIII]) and best fit model (red con-
tinuous line) for a sample of 6,029 SDSS quasars, as defined in the
text. The dashed magenta line is a power law with slope Γ=-3.5
and arbitrary normalization, shown for ease of comparison with
the slope of the high-EW tail. The continuous light green curve
is the total intrinsic distribution, obtained adding two Gaussian
components (the dark green, dashed curves).

total luminosity). In particular, if θ is the angle between the
disc axis and the line of sight, we have EWO=EW∗/cos θ,
where EWO is the observed equivalent width, and EW∗ is
the equivalent width as measured in a face-on disc, which in
this idealized case is a fixed value for all quasars. For a pop-
ulation of randomly oriented discs, we expect the same num-
ber of objects per element of solid angle, i.e. dN∝dΩ=d(cos
θ)dφ. As a consequence, being cos θ=EW∗/EWO, the ob-
served distribution of [OIII] equivalent widths should be
dN/d(EWO)∝EW−2

O .
Next we estimate how the expected distribution

changes if one moves from the idealized case described
above to the ”real world”. Two main points must be consid-
ered: the possible intrinsic spread of the [OIII]–bolometric
emission relation, and the selection effects inherent to the
given sample.

1. Intrinsic spread of the [OIII]–bolometric lumi-
nosity relation. Our working hypothesis is that on average
the [OIII] luminosity is indeed a good indicator of the bolo-
metric luminosity. This is supported by several observational
studies, where the [OIII] flux is compared with the optical
and X-ray emission (e.g. Mulchaey et al. 1994, Heckman et
al. 2005), and by studies of the SDSS sample, where it is
found that the [OIII] line is dominated by the AGN contri-
bution, with no significant contribution by the host galaxy,
even in cases of strong star formation activity (Kauffmann

et al. 2003). However, the spread between the emission in
[OIII] and in other bands is large (Heckman et a. 2005).
This is expected, since the flux in a narrow line depends
on several variable parameters, including the intensity and
shape of the ionizing continuum, and the geometry, distance
and covering factor of the narrow line region (e.g., Baskin &
Laor 2005). A realistic description of the expected distribu-
tion of EW([OIII]) must therefore allow for some intrinsic
spread. We modeled this distribution as a Gaussian, to be
convolved with the effect of inclination described above. The
goodness of the fit to the observed distribution, and the ratio
between the distribution width and the fiducial value EW0

will assess the goodness of our hypothesis, and, in particu-
lar, of the accuracy of the [OIII] luminosity as a proxy of
the total quasar luminosity.
2. Selection effects. The sample used for our analysis is
the SDSS DR5 Quasar catalog (Schneider et al. 2007), as
analyzed by Shen et al. (2008). In order to work on a well-
defined, high quality sample, we further applied the follow-
ing filters: redshift range between 0.01 and 0.8, in order to
have the [OIII] line fully inside the spectral range of optimal
response; magnitude mi<19.1, absolute magnitude Mi<22.1
(these two criteria define a homogeneous, well selected sub-
sample, consisting of more than half the total DR5 quasar
sample, Richards et al. 2006); signal-to-noise per pixel higher
than 5, in order to have high quality, reliable spectra. These
criteria define a sample of ∼6,000 quasars, which still allows
a detailed analysis of the EW([OIII]) distribution.
The main issue relevant for our work is that the
flux/luminosity limit has a strong influence on the observed
EW([OIII]) distribution. Qualitatively, we expect that for a
given on-axis flux/luminosity, there will be a maximum in-
clination angle, above which the object will fall below one of
the two limits. Therefore, the highest inclinations are possi-
ble only in objects with on-axis flux/luminosity much above
the sample limit. These objects are obviously expected to be
rare, due to the steepness of the quasar luminosity function.

In the following Section we quantitatively discuss these
points, both analytically and through a Monte-Carlo simu-
lation. We will show that both methods clearly demonstrate
that the expected slope of the distribution for high EWs
is no longer dN/d(EWO)∝EW−2

O , as in the non-biased case
described above, but dN/d(EWO)∝EW−3.5

O .

3 DATA ANALYSIS

The expected shape of the EW([OIII]) distribution can be
predicted through an analytic calculation, or through a sim-
ulation based on the observed data themselves.

Analytic calculation. In the following, we use EW to
refer to the [OIII] equivalent width, the subscript O for ob-
served quantities, and I for quantities, as would be measured
in sources with a face-on disc. The observed luminosity LO

is given by LO=LI×cos θ, and the observed equivalent width
EWO([OIII])=L([OIII])/LO=EWI([OIII])/cos θ.

The differential number of objects dN with an intrinsic
luminosity LI , a ”face on” equivalent width EWI , a disc
inclination angle θ, and a distance R, is:

dN ∝ Φ(LI)dLIg(EWI)dEWId(cosθ)R2dR (1)

where Φ(LI) is the intrinsic luminosity function and g(EWI)

c© 2002 RAS, MNRAS 000, 1–??

Risaliti, Salvati & Marconi, 2010

~EW-3.5

Intrinsic EW 
distribution

θ
Lobs $ Lint cosθ 



Future
ALMA (~1 G%, starts 2011) interferometer
with 64 12m-antennas in submm

JWST (~4 G%, 
starts 2014) 
6m near-IR 

telescope E-ELT (~1 G%, 
starts 2017?) 
45m optical-
infrared 
telescope



Fondi (2007-2009)

                   DIPARTIMENTO     OSSERVATORIO

PRIN-MIUR            40 k%

PRIN-INAF             16 k%                     46 k%

ASI                         50 k%                     90 k%

UNIFI 60%               9 k%

purtroppo quasi del tutto esauriti ...
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