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Fraction of condensed baryons
From baryonic Tully-Fisher relation (Mstar vs Vc), fraction of baryons 
condensed into galaxies/stars (e.g. Balogh+2001, Zaritsky+2014): 
Mbaryon/Mhalo = 0.07

Total fraction of baryons in halo 
(Planck year 1, Ade+2013): 
𝛺b/𝛺0 = 0.0487/0.315 = 0.15
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(Planck year 1, Ade+2013): 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Observed mass/luminosity  
function of galaxies is 
different from mass function 
of dark haloes rescaled for 
baryon/dark matter fraction.

Why most baryons are not  
condensed into stars?
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Fraction of condensed baryons
From baryonic Tully-Fisher relation (Mstar vs Vc), fraction of baryons 
condensed into galaxies/stars (e.g. Balogh+2001, Zaritsky+2014): 
Mbaryon/Mhalo = 0.07

Total fraction of baryons in halo 
(Planck year 1, Ade+2013): 
𝛺b/𝛺0 = 0.0487/0.315 = 0.15

Observed mass/luminosity  
function of galaxies is 
different from mass function 
of dark haloes rescaled for 
baryon/dark matter fraction.

Why most baryons are not  
condensed into stars?

Stellar feedback cannot explain  
the missing massive galaxies  
(e.g. Hopkins+06, Croton+06,  
Murray+05, Menci+08, …)



“Red and Dead” galaxies
Bimodality in color - mag / Mstar diagram discovered by SDSS  
(Blanton +2003):

Red sequence 
Green Valley 
Blue Cloud

What makes blue  
cloud galaxies to  
quickly move to the  
red sequence and become  
“red and dead”?

892 K. Schawinski et al.

3.1.1 The colour–mass diagram

The observed u − r colour–mass diagrams of galaxies by morphol-
ogy at z ∼ 0 are shown in Fig. 2. Contours in each panel show
the linear density of galaxies and green lines indicate the location
of the green valley, defined from the all-galaxy panel at the upper
left. The right-hand panels show only early types (top) or late types
(bottom). These colour–mass diagrams, which constitute one of the
two main starting points of our analysis, lead us to the following
two important findings.

(i) Both early- and late-type galaxies span almost the entire u − r
colour range, that is, the classification by morphology reveals pop-
ulations of blue early-type galaxies and of red late-type galaxies
(e.g. Schawinski et al. 2009a; Masters et al. 2010b).

(ii) The green valley appears as a dip between bimodal colours
only in the all-galaxies panel; within a given morphological class,
there is no green valley, just a gradual decline in number den-
sity. Most early types lie in the red sequence with a long tail of
∼10 per cent of the population reaching the blue cloud, which could
represent a population in rapid transition, commensurate with the
original idea of the green valley as a transition zone. The late-type
galaxies, however, do not separate into a blue cloud and a red se-
quence, but rather form a continuous population ranging from blue
to red without a gap or valley in between.

The traditional interpretation (and visual impression) from the all-
galaxies diagram – that blue star-forming galaxies evolve smoothly

and quickly across the green valley to the red sequence – changes
when viewed as a function of morphology.

Specifically, the impression of bimodality in the all-galaxies
colour–mass diagram depends on the superposition of two separate
populations: late types that are mostly in the blue cloud, decreasing
smoothly all the way to the red sequence, and early types, a few of
whose colours reach all the way to the blue cloud. Consideration
of the indeterminate morphology galaxies (see Section 3.4) actu-
ally strengthens this conclusion, as they are mostly blue discs with
prominent red bulges, hence the green colours.

The blue late-type galaxies, in particular, show no signs of rapid
transition to the red sequence; indeed, they must take a very long
time to reach the red sequence (Section 3.3). The early types do
appear to transition quickly across the green valley, in that there are
few of them with green colours and even fewer with blue colours.
This suggests the bluest early types might have been produced by
major mergers of late types.

The demographics of galaxies by colour and morphology in
Table 1 make the point about evolutionary time-scale very clearly
(for the moment ignoring changes from one morphology into the
other): early types spend most of their time on the red sequence,
while late types remain in the blue cloud for most of their lifetimes.

3.1.2 The extinction-corrected colour–mass diagram

Dust extinction reddens galaxies, and significant reddening from
blue to red has been reported for high-redshift galaxies (e.g.

Figure 2. The u − r colour–mass diagram for our sample. In the top left, we show all galaxies, whereas on the right, we show the early-type (top) and late-type
galaxies (bottom); green lines show the green valley defined by the all-galaxy diagram. This figure illustrates two important findings: (1) Both early- and
late-type galaxies span almost the entire u − r colour range. Visible in the morphology-sorted plots are small numbers of blue early-type (top) and red late-type
(bottom) galaxies (e.g. Schawinski et al. 2009a; Masters et al. 2010b). (2) The green valley is a well-defined location only in the all-galaxies panel (upper left).
Most early-type galaxies occupy the red sequence, with a long tail (10 per cent by number) to the blue cloud at relatively low masses; this could represent blue
galaxies transiting rapidly through the green valley to the red sequence. More strikingly, the late types form a single, unimodal distribution peaking in the blue
(these are the main-sequence star formers) and reaching all the way to the red sequence, at higher masses, with no sign of a green valley (in the sense of a
colour bimodality). The contours on this figure are linear and scaled to the highest value in each panel.
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“Red and Dead” galaxies
Bimodality in color - mag / Mstar diagram discovered by SDSS  
(Blanton +2003):

Red sequence 
Green Valley 
Blue Cloud

What makes blue  
cloud galaxies to  
quickly move to the  
red sequence and become  
“red and dead”?

Recent results indicate that blue cloud  
galaxies do not move to red sequence  
but their cosmic gas supply is shut off and  
SF slowly decreases …

… but in red galaxies gas supply and gas reservoir are destroyed virtually 
instantaneously, with rapid quenching of SF (e.g., Schawinski+14, 
Silverman+08, Menci+05)

892 K. Schawinski et al.
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Tight relations between supermassive black holes and their host galaxies 
(eg. Ferrarese & Merritt 2000, Gebhardt+2000 … Marconi & Hunt 2003 … 
Kormendy & Ho 2013): co-evolution of black holes and host galaxies


How can BH know about host galaxy and vice versa?

Supermassive BHs and Galaxies

Kormendy & Ho 2013



AGN Feedback



During BH growth AGN can release significant amount of energy 
compared to galaxy gravitational binding energy;

AGN feedback can sweep away gas in host galaxy quenching star 
formation, and BH growth … (e.g. Fabian 2012) …

AGN Feedback
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During BH growth AGN can release significant amount of energy 
compared to galaxy gravitational binding energy;

AGN feedback can sweep away gas in host galaxy quenching star 
formation, and BH growth … (e.g. Fabian 2012) …
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Massive galaxies ➙ AGN feedback

Two modes of feedback: 
Quasar mode: high L/LEdd,  
radiative feedback, short time scale 
Radio mode (maintenance):  
low L/LEdd, kinetic feedback (jets),  
long time scale
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During BH growth AGN can release significant amount of energy 
compared to galaxy gravitational binding energy;

AGN feedback can sweep away gas in host galaxy quenching star 
formation, and BH growth … (e.g. Fabian 2012) …

Small galaxies ➙ Stellar (SN) feedback

Massive galaxies ➙ AGN feedback

Two modes of feedback: 
Quasar mode: high L/LEdd,  
radiative feedback, short time scale 
Radio mode (maintenance):  
low L/LEdd, kinetic feedback (jets),  
long time scale

Recently: positive feedback !  
Radiation pressure and winds from 
AGN can trigger star formation, up to 
~100 M⊙/yr (Ishibashi & Fabian+14, Silk
+13, Zubovas+13, Zubovas & King+14)

AGN Feedback



Is feedback really needed?
Recently, the need for AGN feedback has been questioned …


MBH-galaxy relations might also come from hierarchical assembly of BH 
and stellar mass through galaxy merging without any causal origin  
(Peng 2007, Jahnke & Macciò 2011, Cen 2011, Fanidakis et al 2011)


But the small (?) scatter in MBH-galaxy relations would not be explained 
by a non-causal connection: it should result from self regulated BH 
growth and not BH quenching star formation in the host galaxy (Hopkins, 
Murray & Thomson 2009)


Stellar feedback (radiation pressure + supernovae) might be as effective 
as BH feedback (Hopkins, Quataert & Murray 2012)


Indeed stellar feedback can work except in most massive objects (Mhalo 
≫ 1012 M⊙) where AGN feedback could be needed (Hopkins+14)


AGN-driven outflows can remove gas on the long-term but impact of 
AGN feedback on SF is marginal (Roos+14)



Scarce direct evidence (suppression of Star Formation) but almost 
ubiquitous fast winds in ionised and, especially, molecular gas 

Large outflow rates for SFRs and gas masses (up to ~100-1000 M⊙/yr, 
several ×SFR) ➙ short depletion time scale (~107 - 108 yr)


see also Nesvadba+08,+11, Alexander+09, 
Harrison+12, Cicone+13,14, Greene+11,+14, 
Liu+14, Mullaney+13, Harrison+14, Brusa+14 …

If outflows are the source of AGN feedback there 
should be a connection between outflows and 
quenching of star formation

Evidences for AGN feedback?

The Astrophysical Journal Letters, 733:L16 (5pp), 2011 May 20 Sturm et al.
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Figure 1. Observed PACS spectra (continuum-normalized) of the OH transition at 79 µm (gray). Overplotted are the low-velocity (dotted) and high-velocity (dashed)
fit components and the total fit (solid). The arrow indicates the rest position of H2O 423–312. The dash-dotted line for IRAS 14378 shows the observed spectrum of
the OH transition at 119 µm for this object.

the PACS resolution is ∼140 km s−1. The data reduction was
done using the standard PACS reduction and calibration pipeline
(ipipe) included in HIPE 5.0. However, for the final calibration
we normalized the spectra to the telescope flux (which dom-
inates the total signal, except for NGC 253) and re-calibrated
it with a reference telescope spectrum obtained from dedicated
Neptune observations during the Herschel performance verifi-
cation phase. All of our objects (except NGC 253) are point
sources for PACS. In the following, we use the spectrum of the
central 9′′ × 9′′ spatial pixel (spaxel) only, applying the point-
source correction factors (PSF losses) as given in the PACS doc-
umentation. We have verified this approach by comparing the
resulting continuum flux density level to the continuum level
of all 25 spaxels combined (which is free of PSF losses and
pointing uncertainties). In all cases the agreement is excellent,
however the central spaxel alone provides better signal-to-noise
ratio (S/N). We note for completeness that for NGC 253 the
total OH 79 µm line profile summed over all 5 × 5 spaxels
yields emission, consistent with the Infrared Space Observa-
tory Long-Wavelength Spectrometer observations by Bradford
et al. (1999).

In a next step we have performed a continuum (spline) fit.
Due to the limited wavelength coverage these fits are somewhat
subjective. To help define continuum points and potential
additional spectral features (such as the H2O absorption line
at 78.74 µm, indicated with an arrow in Figure 1), we have
used our full range spectra of Arp 220 and NGC 4418.
These two sources will be analyzed in detail in forthcoming
papers, but preliminary data points for Arp 220 are included in
Figures 2 and 3. We note here that NGC 4418 shows signatures
of an inflow.

3. TARGETS

For this first study of outflow signatures in our data
we use a sub-sample that is mainly constrained by the
observing schedule of Herschel, but that covers a broad
range of AGN and starburst activity, including a starburst
template (NGC 253), a cold, starburst-dominated ULIRG

Figure 2. Maximum outflow velocities (terminal velocities) as a function of star
formation rate (upper panel) and AGN luminosity (lower panel). The asterisk
denotes NGC 253 and the triangle denotes Arp 220.

(IRAS 17208−0014), warm ULIRGs (S25/S60 > 0.1)
and/or ULIRGs with strong AGN contributions (Mrk 231,
IRAS 13120−5453, IRAS 14378−3651), and a heavily ob-
scured ULIRG (IRAS 08572+3915), which hosts a powerful
AGN (e.g., Veilleux et al. 2009, hereafter V09).

4. RESULTS AND DISCUSSION

Figure 1 shows the (continuum-normalized) OH 79 µm line
spectra for all objects. For NGC 253, we show the central spaxel
only. The Mrk 231 spectrum is taken from Fischer et al. (2010)
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Morganti et al. (2010) reported evidence for AGN-induced mas-
sive and fast outflows of neutral H in powerful radio galaxies,
possibly driven by the AGN jets.

The bulk of the gas in QSO hosts, i.e. the molecular phase,
appears little affected by the presence of the AGN. Indeed, most
studies of the molecular gas in the host galaxies of QSOs and
Seyfert galaxies have found narrow CO lines (with a width
of a few 100 km s−1), generally tracing regular rotation pat-
terns, with no clear evidence for prominent molecular out-
flows (Downes & Solomon 1998; Wilson et al. 2008; Scoville
et al. 2003), even in the most powerful quasars at high redshift
(Solomon & Vanden Bout 2005; Omont 2007). Yet, most of the
past CO observations were obtained with relatively narrow band-
widths, which may have prevented the detection of broad wings
of the CO lines possibly associated with molecular outflows.
Even worse, many CO surveys were performed with single dish,
where broad CO wings may have been confused with baseline
instabilities and subtracted away along with the continuum.

We present new CO(1–0) observations of Mrk 231 obtained
with the IRAM Plateau de Bure Interferometer (PdBI). Mrk 231
is the nearest example of a quasar object and is the most lu-
minous Ultra-Luminous Infrared Galaxy (ULIRG) in the local
Universe (Sanders et al. 1988) with an infrared luminosity of
3.6 × 1012 L⊙ (assuming a distance of 186 Mpc). A significant
fraction (∼70%) of its bolometric luminosity is ascribed to star-
burst activity (Lonsdale et al. 2003). Radio, millimeter, and near-
IR observations suggest that the starbursting disk is nearly face-
on (Downes & Solomon 1998; Carilli et al. 1998; Taylor et al.
1999). In particular, past CO(1−0) and (2−1) IRAM PdBI ob-
servations of Mrk 231 show evidence for a regular rotation pat-
tern and a relatively narrow profile (Downes & Solomon 1998),
as well as a molecular disk (Carilli et al. 1998). The existence
of a quasar-like nucleus in Mrk 231 has been unambiguously
demonstrated by observations carried out at different wave-
lengths, which have revealed the presence of a central compact
radio core plus pc-scale jets (Ulvestad et al. 1999), broad optical
emission lines (Lipari et al. 2009) in the nuclear spectrum, and a
hard X-ray (2−10 keV) luminosity of 1044 erg s−1 (Braito et al.
2004). In addition, both optical and X-ray data have revealed that
our line of sight to the active nucleus is heavily obscured, with
a measured hydrogen column as high as NH = 2 × 1024 cm−2

(Braito et al. 2004). The quasar Mrk 231 displays clear evidence
of powerful ionized outflows by the multiple broad absorption
lines (BAL) systems seen all over its UV and optical spectrum.
In particular, Mrk 231 is classified as a low-ionization BAL
QSOs, a very rare subclass (∼10% of the entire population) of
BAL QSOs characterized by weak [OIII] emission, in which the
covering factor of the absorbing outflowing material may be near
unity (Boroson & Meyers 1992). Furthermore, giant bubbles and
expanding shells on kpc-scale are visible in deep HST imag-
ing (Lipari et al. 2009). Recent observations with the Herschel
Space Observatory have revealed a molecular component of the
outflow, as traced by H2O and OH molecular absorption features
(Fischer et al. 2010), but the lack of spatial information has pre-
vented an assessment of the outflow rate.

2. Data

We exploited the wide bandwidth offered by the PdBI to observe
the CO(1−0) transition in Mrk 231. The observations were car-
ried out between June and November 2009 with the PdBI, using
five of the 15 m antennas of the array. We observed the CO(1−0)
rotational transition, whose rest frequency of 115.271 GHz is
redshifted to 110.607 GHz (z = 0.04217), by using using both
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Fig. 1. Continuum-subtracted spectrum of the CO(1−0) transition in
Mrk 231. The spectrum was extracted from a region twice the beam size
(full width at half maximum, FWHM), and the level of the underlying
continuum emission was estimated from the region with v > 800 km s−1

and v < −800 km s−1. Left panel: full flux scale. Right panel: expanded
flux scale to highlight the broad wings. The line profile has been fitted
with a Gaussian narrow core (black dotted line) and a Gaussian broad
component (long-dashed line). The FWHM of the core component is
180 km s−1 while the FWHM of the broad component is 870 km s−1,
and reaches a Full Width Zero Intensity (FWZI) of 1500 km s−1.

the C and D antenna configurations. The spectral correlator was
configured to cover a bandwidth of about 1 GHz in dual po-
larization. The on-source integration time was ∼20 h. The data
were reduced, calibrated channel by channel, and analyzed by
using the CLIC and MAPPING packages of the GILDAS soft-
ware. The absolute flux was calibrated on MWC 349 (S (3 mm)=
1.27 Jy) and 1150+497 (S (3 mm) = 0.50 Jy). The absolute
flux calibration error is of the order ±10%. All maps and spec-
tra are continuum-subtracted, the continuum emission is esti-
mated in the spectral regions with velocity v > 800 km s−1 and
v < −800 km s−1.

3. Results

Figure 1 shows the spectrum of the CO(1−0) emission line,
dominated by a narrow component (FWHM ∼ 200 km s−1),
which was already detected in previous observations (Downes
& Solomon 1998; Bryant & Scoville 1997). However, our new
data reveal for the first time the presence of broad wings ex-
tending to about ±750 km s−1, which have been missed, or pos-
sibly confused with the underlying continuum, in previous nar-
rower bandwidth observations. Both the blue and red CO(1−0)
wings appear spatially resolved, as illustrated in their maps
(Fig. 2). The peak of the blue wing emission is not offset
with regard to the peak of the red wing, indicating that these
wings are not caused by to the rotation of an inclined disk,
which leaves outflowing molecular gas as the only viable ex-
planation. A Gaussian fit of the spatial profile of the blue and
red wings (by also accounting for the beam broadening) indi-
cates that the out-flowing medium extends over a region of about
0.6 kpc (0.7′′) in radius. To quantify the significance of the spa-
tial extension of the high-velocity outflowing gas, we fitted the
visibilities in the uv-plane. We averaged the visibilities of the
red and blue wings in the velocity ranges 500 ÷ 800 km s−1 and
−500 ÷ −700 km s−1, and we fitted a point source, a circular
Gaussian, and an inclined disk model. The results of the uv-
plane fitting are shown in Fig. 3 and summarized in Table 1. The
upper panels of Fig. 3 show the maps of the residuals after fit-
ting a point-source model. The residuals of the red wing are 5σ
above the average rms of the map and those of the blue wing 3σ
above the rms. The lower panels of Fig. 3 show the CO(1−0)
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Strong quasar feedback in the early Universe L67

an age of only ∼3 Gyr, requires that the quasar feedback quench-
ing mechanism must have been at work already at z > 6 (age of
the Universe less than 1 Gyr), i.e. close to the reionization epoch.
Quasar-driven winds have been observed up to z ∼ 6 (Maiolino et al.
2001, 2004); however, these are associated with ionized gas in the
vicinity of the black hole, accounting only for a tiny fraction of the
total gas in the host galaxy. So far, no observational evidence was
found for the massive, quasar-driven outflows at z > 6 required by
feedback models to explain the population of old massive galaxies
at z ∼ 2.

Here we focus on one of the most distant quasars known,
SDSS J114816.64+525150.3 (hereafter J1148+5251), at z =
6.4189 (Fan et al. 2003). CO observations have revealed a large
reservoir of molecular gas, MH2 ∼ 2 × 1010 M⊙, in the quasar
host galaxy (Bertoldi et al. 2003b; Walter et al. 2003). The strong
far-IR thermal emission inferred from (sub)millimetre observations
reveals vigorous star formation in the host galaxy, with star for-
mation rate (SFR) ∼ 3000 M⊙ yr−1 (Bertoldi et al. 2003a; Beelen
et al. 2006). J1148+5251 is also the first high-redshift galaxy in
which the [C II] 158 µm line was discovered (Maiolino et al. 2005).
High-resolution mapping of the same line with the Institute de
Radioastronomie Millimetrique (IRAM) Plateau de Bure Interfer-
ometer (PdBI) revealed that most of the emission is confined within
∼1.5 kpc, indicating that most of the star formation is occurring
within a very compact region (Walter et al. 2009).

Previous [C II] observations of J1148+5251 did not have a band-
width large enough to allow the investigation of broad wings tracing
outflows, as in local quasars. In this Letter, we present new IRAM
PdBI observations of J1148+5251 that, thanks to the wide band-
width offered by the new correlator, have allowed us to discover
broad [C II] wings tracing a very massive and energetic outflow in
the host galaxy of this early quasar. We show that the properties of
this outflow are consistent with the expectations of quasar feedback
models.

We assume the concordance !-cosmology with H0 =
70.3 km s−1 Mpc−1, "! = 0.73 and "m = 0.27 (Komatsu et al.
2011).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Observations with the IRAM PdBI were obtained mostly in 2011
April in D configuration (mostly with precipitable water vapor
(PWV) in the range 1.5–3.5 mm), while a few hours were also ob-
tained in 2011 January in C+D configuration (PWV < 1.5 mm). The
resulting synthesized beam is 2.2 × 1.8 arcsec2. The receivers were
tuned to 256.172 GHz, which is the rest-frame frequency of [C II] at
the redshift of the quasar, z = 6.4189 (Maiolino et al. 2005). The fol-
lowing flux calibrators were used: 3C 454.3, MWC 349, 0923+392,
1150+497, 3C 273, 3C 345, 1144+542, J1208+546, J1041+525
and 1055+018. Uncertainties on the absolute flux calibration are
20 per cent. The total on-source integration time was 17.5 h, result-
ing in a sensitivity of 0.08 Jy km s−1 beam−1 in a channel with width
100 km s−1.

The data were reduced by using the CLIC and MAPPING packages,
within the IRAM GILDAS software. Cleaning of the resulting maps
was run by selecting the clean components on an area of ∼3 arcsec
around the peak of the emission. For each map, the resulting resid-
uals are below the 1σ error, ensuring that sidelobes are properly
cleaned away. Anyhow, as discussed in the following, the size de-
termination has been investigated directly on the uv data, therefore
independently of the cleaning.

3 R ESULTS

3.1 Detection of broad wings

The continuum was subtracted from the uv data by estimat-
ing its level from the channels at v < −1300 km s−1 and at
v > +1300 km s−1. The inferred continuum flux is 3.7 mJy, which is
fully consistent with the value expected (4 mJy) from the bolomet-
ric observations (Bertoldi et al. 2003a), once the frequency range
of the latter and the steep shape of the thermal spectrum are taken
into account.

Fig. 1(a) shows the continuum-subtracted spectrum, extracted
from an aperture of 4 arcsec (corresponding to a physical size of
11 kpc). Fig. 1(b) shows the spectrum extracted from a larger aper-
ture of 6 arcsec that, although noisier than the former spectrum,
recovers residual flux associated with the beam wings and with any
extended component.

The spectrum shows a clear narrow [C II] 158 µm emission line,
which was already detected by previous observations (Maiolino

Figure 1. IRAM PdBI continuum-subtracted spectrum of the [C II] 158 µm
line, redshifted to 256.172 GHz, in the host galaxy of the quasar J1148+5152
extracted from an aperture with a diameter of 4 arcsec (top) and 6 arcsec
(bottom). The spectrum has been resampled to a bin size of 85 km s−1. The
red lines show a double Gaussian fit (FWHM = 345 and 2030 km s−1) to
the line profile, while the blue line shows the sum of the two Gaussian
components.

C⃝ 2012 The Authors, MNRAS 425, L66–L70
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Mol. Outflows

Compare with predictions from fast 
wind model by King & Pounds 2003

Lkin ~ 1/2 Mdot v2 ~ 0.05 LEdd  
Qkin ~ Mdot v ~ 20 LEdd/c

Cicone+14



Ionized outflows and SF in local quasars
Quasars host galaxies are precursors of local massive galaxies; feedback 
is needed here!

Quasar phase is the one where “quasar mode” feedback should be 
operating 

Sample: ~100 luminous unobscured quasars from SDSS DR7 and DR 10 
with z < 1 observed by Herschel
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Why TYPE1 AGN? Are more numerous than type2 and TYPE 1 AGN display much stronger

blue wings (e.g. Mullaney 2013).
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Ionized outflows and SF in local quasars
Fast ionised outflows …

Balmaverde & Marconi: Ionized gas outflow and SFR
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Fig. 4. Left panel:Example of [OIII]λ5007 line decomposition in a narrow and broad component and of different velocity definition used to
characterized the properties of the outflow. In particular we show different percentiles to the flux contained in the overall emission line profile
(from left to right: 2nd; 50th and 98th). Right panel: maximum velocity of the [OIII] line against two times the blue tail, defined as v05-v02. The
dashed line is the bisetrix of the plane and represent the condition of a symmetric emission line profile. Almost all of the objects show a broad
blue tail. Points in green color represent radio loud quasars.
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Fig. 5. Comparison of the [OIII] and [OII] principal emission lines parameters. Left panel: relative shift of the peaks of the two lines against the
velocity offset of the blue wings (defined using the percentile definition, see text). We don’t see a significant shift of the peaks of the two lines,
suggestive of a similar kinematic in the NLR for the largest portion of the oxygen emitting gas but broad offset of the [OIII] wings respect to the
narrow component are suggested of the presence of an outflowing gas component. Right panel: Sigma of the [OII] line against the sigma of the
[OIII]. The [OIII] line show a broader value for sigma. Part of the [OIII] emitting gas is moving at a largest velocity respect to the [OII] reference
velocity. Green points are for radio loud quasars.

turbed ISM, therefore the excess of the standard deviation of the
[O III] line respect to [O II]is an estimate of the amount of per-
turbation of the gas in the inner regions. In the Fig.5, right panel
we compare the sigma of the two line profile. The median value
of the sigma of the [OII] line (220 ± 51 km s−1) Since the typical
value for the stellar velocity dispersion in quasars is about 200-
300 km s−1(REF), this support the hyphotesis that the [OII] line
maps the unperturbed ISM on galactic scale. Instead the [OIII]
line shows a broader profile (σ=334 ± 128 km s−1). In various
models of line formation in the NLR, the greater widths of ion-
ization lines is explained by their formation in clouds that have

higher density or higher orbital or radial velocity, likely because
they are closest to the central ionization region. The critical den-
sity and the ionization potential for [OIII] is 7 105 cm−3 and χev
=35.1, slightly higher that the critical density for [OII] doublet
(1.4-3.3 103 cm−3 eV) and the ionization potential for [OII] (χev
=13.6 eV). The greater width of the [OIII] is consistent with the
fact that lines with higher ionization potential and/or higher crit-
ical densities are produced in inner regions closer to the nucleus
(Nagao et al. (2001)).
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Ionized outflows and SF in local quasars
Herschel observations at ~100 μm to measure the emission  of “cold” 
dust heated by young stars

Cefalú 2014
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QSO infrared luminosities

Herschel observe in the optimal wavelength range to measure the “cold” emission of the dust heated
by young stars.
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Ionized outflows and SF in local quasars
SED combining Herschel + WISE + 2MASS + SDSS measurements 


SED fitting to estimate AGN IR luminosity and SF (Clumpy torus models 
by Nenkova & Elitzur, Starburst templates by Chary & Elbaz, Starr by 
Bruzual & Charlot 2003)
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The star formation rate

Disantangle the contribution from the AGN and from star-forming regions is not easy, expecially for
powerful Type 1 quasars. We rely on clumpy torus templates by .. and starburst templates by
Charlot&Elbaz.

SFRFIR(M⊙ yr−1) = (4.5× 0−44)LFIR erg s−1

Kennicutt et al. 1998
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Ionized outflows and SF in local quasars
High-redshift galaxies have SFRs higher than in the local Universe. 

Mean SFR in four z bins: outflow-dominated and unperturbed galaxies. 

Results are clearly in contrast with the negative AGN modelBalmaverde & Marconi: Ionized gas outflow and SFR
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Fig. 6. Histogram of the distribution of the three parameters characterizing the outflow. From left to right: blue wing velocity, wings velocity
offset and σ [O III] excess.
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Fig. 7. Star formation rate plotted in bins of redshift for outflow dominated galaxies (orange points) and unperturbed galaxies (green point).
In the three panel we compare the behavior of the two groups in the plots adopting different criteria for define outflow-dominated galaxies. First
panel: (vel2-vel50) < -800 km s−1; second panel vo f f sett < -150 km s−1; third panel σ([O III] )-σ([O II]) > 150 km s−1. The star formation rate
increase with redshift. Outflow dominated galaxies have a comparable or even higher star formation rate than unperturbed galaxies.

(LS B/Ltot >0.5) and the second group is composed by AGN com-
ponent dominated objects (LS B/Ltot <0.5). In this Section we
explore the properties of these two groups.

In Fig.4.3 we investigate the relation between the AGN
[O III] luminosity and the star formation rate of the host galaxy
of the two groups. In particular we check if objects SB-
dominated are more star forming that AGN-dominated quasars
and, analogously, if objects AGN-dominated have higher [OIII]
luminosity than SB-dominated objects. This is partially true.
The quasars with higher SB and AGN luminosities show re-
spectively higher and lower LS B/Ltot ratios, but the two groups
overlap considerably especially in [OIII] luminosity (mean lu-
minosity value is 42.0±0.5 and 42.5±0.6) but the distribution in
SFR appear separated (1.0±0.5 and 1.0±0.6). We would like
to stress that the threshold Lsb/Ltot=0.5 does not imply neces-
sarily that we separate the brightest star burst luminosity galaxy
(higher SFR) from galaxy hosting more powerful AGN (higher
L([OIII])). In fact many AGN luminous host galaxies are form-
ing stars. From e.g. Netzer (2009) and it is known that ex-
ist a tight correlation between the AGN bolometric luminosity
and the star formation rate of the galaxy. This relation is usu-
ally interpreted as a probe of the coupling between AGN growth
and host star formation by an evolutionary mechanism, e.g. the

merging. In dashed we report the correlation found by Netzer
(2009) LAGN ∝ L0.8

S FR that links the AGN luminosity to the Star
formation rate. The correlation is significantly better if we con-
sider separately the two groups, and surprisingly both groups
follow the correlation with a very small scatter. The blue points
(quasars SB-dominated) show an excess in the star formation
rate for a same range of [O III] AGN luminosity respect to the
AGN-dominated quasars.

We have measured the star formation rate from SED fitting
in the infrared band, however, also the [OII]3727 emission line
corrected for dust extinction is frequently used as an indicator of
SFR despite its complex dependence on metallicity and excita-
tion conditions. Unfortunately, only about half of our spectra (z
! 0.4) cover the Balmer decrement (Hα /Hβ ) typically used to
correct the [O II]luminosity for absorption. In Fig.4.3, left panel
we compare the [O II]luminosity not corrected for absorption to
the infrared luminosity in the 8-1000 µm derived from sed fit-
ting. As expected the dispersion is larger if we consider all the
quasars, but it is significantly reduced if we consider the two
groups independently. The points that are AGN dominated may
be significantly contaminated by the AGN and in fact they show
an excess of [O II]luminosity respect to the SB-dominated. In
the right panel of Fig.4.3 we compare instead the 8-1000 mc lu-
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Ionized outflows and SF in local quasars
High-redshift galaxies have SFRs higher than in the local Universe. 

Mean SFR in four z bins: outflow-dominated and unperturbed galaxies. 

Results are clearly in contrast with the negative AGN modelBalmaverde & Marconi: Ionized gas outflow and SFR
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Fig. 6. Histogram of the distribution of the three parameters characterizing the outflow. From left to right: blue wing velocity, wings velocity
offset and σ [O III] excess.
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Fig. 7. Star formation rate plotted in bins of redshift for outflow dominated galaxies (orange points) and unperturbed galaxies (green point).
In the three panel we compare the behavior of the two groups in the plots adopting different criteria for define outflow-dominated galaxies. First
panel: (vel2-vel50) < -800 km s−1; second panel vo f f sett < -150 km s−1; third panel σ([O III] )-σ([O II]) > 150 km s−1. The star formation rate
increase with redshift. Outflow dominated galaxies have a comparable or even higher star formation rate than unperturbed galaxies.

(LS B/Ltot >0.5) and the second group is composed by AGN com-
ponent dominated objects (LS B/Ltot <0.5). In this Section we
explore the properties of these two groups.

In Fig.4.3 we investigate the relation between the AGN
[O III] luminosity and the star formation rate of the host galaxy
of the two groups. In particular we check if objects SB-
dominated are more star forming that AGN-dominated quasars
and, analogously, if objects AGN-dominated have higher [OIII]
luminosity than SB-dominated objects. This is partially true.
The quasars with higher SB and AGN luminosities show re-
spectively higher and lower LS B/Ltot ratios, but the two groups
overlap considerably especially in [OIII] luminosity (mean lu-
minosity value is 42.0±0.5 and 42.5±0.6) but the distribution in
SFR appear separated (1.0±0.5 and 1.0±0.6). We would like
to stress that the threshold Lsb/Ltot=0.5 does not imply neces-
sarily that we separate the brightest star burst luminosity galaxy
(higher SFR) from galaxy hosting more powerful AGN (higher
L([OIII])). In fact many AGN luminous host galaxies are form-
ing stars. From e.g. Netzer (2009) and it is known that ex-
ist a tight correlation between the AGN bolometric luminosity
and the star formation rate of the galaxy. This relation is usu-
ally interpreted as a probe of the coupling between AGN growth
and host star formation by an evolutionary mechanism, e.g. the

merging. In dashed we report the correlation found by Netzer
(2009) LAGN ∝ L0.8

S FR that links the AGN luminosity to the Star
formation rate. The correlation is significantly better if we con-
sider separately the two groups, and surprisingly both groups
follow the correlation with a very small scatter. The blue points
(quasars SB-dominated) show an excess in the star formation
rate for a same range of [O III] AGN luminosity respect to the
AGN-dominated quasars.

We have measured the star formation rate from SED fitting
in the infrared band, however, also the [OII]3727 emission line
corrected for dust extinction is frequently used as an indicator of
SFR despite its complex dependence on metallicity and excita-
tion conditions. Unfortunately, only about half of our spectra (z
! 0.4) cover the Balmer decrement (Hα /Hβ ) typically used to
correct the [O II]luminosity for absorption. In Fig.4.3, left panel
we compare the [O II]luminosity not corrected for absorption to
the infrared luminosity in the 8-1000 µm derived from sed fit-
ting. As expected the dispersion is larger if we consider all the
quasars, but it is significantly reduced if we consider the two
groups independently. The points that are AGN dominated may
be significantly contaminated by the AGN and in fact they show
an excess of [O II]luminosity respect to the SB-dominated. In
the right panel of Fig.4.3 we compare instead the 8-1000 mc lu-
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Fig. 6. Histogram of the distribution of the three parameters characterizing the outflow. From left to right: blue wing velocity, wings velocity
offset and σ [O III] excess.
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Fig. 7. Star formation rate plotted in bins of redshift for outflow dominated galaxies (orange points) and unperturbed galaxies (green point).
In the three panel we compare the behavior of the two groups in the plots adopting different criteria for define outflow-dominated galaxies. First
panel: (vel2-vel50) < -800 km s−1; second panel vo f f sett < -150 km s−1; third panel σ([O III] )-σ([O II]) > 150 km s−1. The star formation rate
increase with redshift. Outflow dominated galaxies have a comparable or even higher star formation rate than unperturbed galaxies.

(LS B/Ltot >0.5) and the second group is composed by AGN com-
ponent dominated objects (LS B/Ltot <0.5). In this Section we
explore the properties of these two groups.

In Fig.4.3 we investigate the relation between the AGN
[O III] luminosity and the star formation rate of the host galaxy
of the two groups. In particular we check if objects SB-
dominated are more star forming that AGN-dominated quasars
and, analogously, if objects AGN-dominated have higher [OIII]
luminosity than SB-dominated objects. This is partially true.
The quasars with higher SB and AGN luminosities show re-
spectively higher and lower LS B/Ltot ratios, but the two groups
overlap considerably especially in [OIII] luminosity (mean lu-
minosity value is 42.0±0.5 and 42.5±0.6) but the distribution in
SFR appear separated (1.0±0.5 and 1.0±0.6). We would like
to stress that the threshold Lsb/Ltot=0.5 does not imply neces-
sarily that we separate the brightest star burst luminosity galaxy
(higher SFR) from galaxy hosting more powerful AGN (higher
L([OIII])). In fact many AGN luminous host galaxies are form-
ing stars. From e.g. Netzer (2009) and it is known that ex-
ist a tight correlation between the AGN bolometric luminosity
and the star formation rate of the galaxy. This relation is usu-
ally interpreted as a probe of the coupling between AGN growth
and host star formation by an evolutionary mechanism, e.g. the

merging. In dashed we report the correlation found by Netzer
(2009) LAGN ∝ L0.8

S FR that links the AGN luminosity to the Star
formation rate. The correlation is significantly better if we con-
sider separately the two groups, and surprisingly both groups
follow the correlation with a very small scatter. The blue points
(quasars SB-dominated) show an excess in the star formation
rate for a same range of [O III] AGN luminosity respect to the
AGN-dominated quasars.

We have measured the star formation rate from SED fitting
in the infrared band, however, also the [OII]3727 emission line
corrected for dust extinction is frequently used as an indicator of
SFR despite its complex dependence on metallicity and excita-
tion conditions. Unfortunately, only about half of our spectra (z
! 0.4) cover the Balmer decrement (Hα /Hβ ) typically used to
correct the [O II]luminosity for absorption. In Fig.4.3, left panel
we compare the [O II]luminosity not corrected for absorption to
the infrared luminosity in the 8-1000 µm derived from sed fit-
ting. As expected the dispersion is larger if we consider all the
quasars, but it is significantly reduced if we consider the two
groups independently. The points that are AGN dominated may
be significantly contaminated by the AGN and in fact they show
an excess of [O II]luminosity respect to the SB-dominated. In
the right panel of Fig.4.3 we compare instead the 8-1000 mc lu-
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Ionized outflows and SF in local quasars
High-redshift galaxies have SFRs higher than in the local Universe. 

Mean SFR in four z bins: outflow-dominated and unperturbed galaxies. 

Results are clearly in contrast with the negative AGN modelBalmaverde & Marconi: Ionized gas outflow and SFR

Max blue velocity (vel02−vel50) [km s−1]

−2500 −2000 −1500 −1000 −500 0
0

10

20

30

40

H
is

to
gr

am
 D

en
si

ty

Wings Velocity Offset [km s−1]

−800 −600 −400 −200 0 200
0

10

20

30

Hi
st

og
ra

m
 D

en
sit

y

VSIG([OIII]−VSIG([OII]) [km s−1]

0 200 400 600
0

5

10

15

20

25

30

Hi
st

og
ra

m
 D

en
sit

y

Fig. 6. Histogram of the distribution of the three parameters characterizing the outflow. From left to right: blue wing velocity, wings velocity
offset and σ [O III] excess.
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Fig. 7. Star formation rate plotted in bins of redshift for outflow dominated galaxies (orange points) and unperturbed galaxies (green point).
In the three panel we compare the behavior of the two groups in the plots adopting different criteria for define outflow-dominated galaxies. First
panel: (vel2-vel50) < -800 km s−1; second panel vo f f sett < -150 km s−1; third panel σ([O III] )-σ([O II]) > 150 km s−1. The star formation rate
increase with redshift. Outflow dominated galaxies have a comparable or even higher star formation rate than unperturbed galaxies.

(LS B/Ltot >0.5) and the second group is composed by AGN com-
ponent dominated objects (LS B/Ltot <0.5). In this Section we
explore the properties of these two groups.

In Fig.4.3 we investigate the relation between the AGN
[O III] luminosity and the star formation rate of the host galaxy
of the two groups. In particular we check if objects SB-
dominated are more star forming that AGN-dominated quasars
and, analogously, if objects AGN-dominated have higher [OIII]
luminosity than SB-dominated objects. This is partially true.
The quasars with higher SB and AGN luminosities show re-
spectively higher and lower LS B/Ltot ratios, but the two groups
overlap considerably especially in [OIII] luminosity (mean lu-
minosity value is 42.0±0.5 and 42.5±0.6) but the distribution in
SFR appear separated (1.0±0.5 and 1.0±0.6). We would like
to stress that the threshold Lsb/Ltot=0.5 does not imply neces-
sarily that we separate the brightest star burst luminosity galaxy
(higher SFR) from galaxy hosting more powerful AGN (higher
L([OIII])). In fact many AGN luminous host galaxies are form-
ing stars. From e.g. Netzer (2009) and it is known that ex-
ist a tight correlation between the AGN bolometric luminosity
and the star formation rate of the galaxy. This relation is usu-
ally interpreted as a probe of the coupling between AGN growth
and host star formation by an evolutionary mechanism, e.g. the

merging. In dashed we report the correlation found by Netzer
(2009) LAGN ∝ L0.8

S FR that links the AGN luminosity to the Star
formation rate. The correlation is significantly better if we con-
sider separately the two groups, and surprisingly both groups
follow the correlation with a very small scatter. The blue points
(quasars SB-dominated) show an excess in the star formation
rate for a same range of [O III] AGN luminosity respect to the
AGN-dominated quasars.

We have measured the star formation rate from SED fitting
in the infrared band, however, also the [OII]3727 emission line
corrected for dust extinction is frequently used as an indicator of
SFR despite its complex dependence on metallicity and excita-
tion conditions. Unfortunately, only about half of our spectra (z
! 0.4) cover the Balmer decrement (Hα /Hβ ) typically used to
correct the [O II]luminosity for absorption. In Fig.4.3, left panel
we compare the [O II]luminosity not corrected for absorption to
the infrared luminosity in the 8-1000 µm derived from sed fit-
ting. As expected the dispersion is larger if we consider all the
quasars, but it is significantly reduced if we consider the two
groups independently. The points that are AGN dominated may
be significantly contaminated by the AGN and in fact they show
an excess of [O II]luminosity respect to the SB-dominated. In
the right panel of Fig.4.3 we compare instead the 8-1000 mc lu-
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Fig. 6. Histogram of the distribution of the three parameters characterizing the outflow. From left to right: blue wing velocity, wings velocity
offset and σ [O III] excess.
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Fig. 7. Star formation rate plotted in bins of redshift for outflow dominated galaxies (orange points) and unperturbed galaxies (green point).
In the three panel we compare the behavior of the two groups in the plots adopting different criteria for define outflow-dominated galaxies. First
panel: (vel2-vel50) < -800 km s−1; second panel vo f f sett < -150 km s−1; third panel σ([O III] )-σ([O II]) > 150 km s−1. The star formation rate
increase with redshift. Outflow dominated galaxies have a comparable or even higher star formation rate than unperturbed galaxies.

(LS B/Ltot >0.5) and the second group is composed by AGN com-
ponent dominated objects (LS B/Ltot <0.5). In this Section we
explore the properties of these two groups.

In Fig.4.3 we investigate the relation between the AGN
[O III] luminosity and the star formation rate of the host galaxy
of the two groups. In particular we check if objects SB-
dominated are more star forming that AGN-dominated quasars
and, analogously, if objects AGN-dominated have higher [OIII]
luminosity than SB-dominated objects. This is partially true.
The quasars with higher SB and AGN luminosities show re-
spectively higher and lower LS B/Ltot ratios, but the two groups
overlap considerably especially in [OIII] luminosity (mean lu-
minosity value is 42.0±0.5 and 42.5±0.6) but the distribution in
SFR appear separated (1.0±0.5 and 1.0±0.6). We would like
to stress that the threshold Lsb/Ltot=0.5 does not imply neces-
sarily that we separate the brightest star burst luminosity galaxy
(higher SFR) from galaxy hosting more powerful AGN (higher
L([OIII])). In fact many AGN luminous host galaxies are form-
ing stars. From e.g. Netzer (2009) and it is known that ex-
ist a tight correlation between the AGN bolometric luminosity
and the star formation rate of the galaxy. This relation is usu-
ally interpreted as a probe of the coupling between AGN growth
and host star formation by an evolutionary mechanism, e.g. the

merging. In dashed we report the correlation found by Netzer
(2009) LAGN ∝ L0.8

S FR that links the AGN luminosity to the Star
formation rate. The correlation is significantly better if we con-
sider separately the two groups, and surprisingly both groups
follow the correlation with a very small scatter. The blue points
(quasars SB-dominated) show an excess in the star formation
rate for a same range of [O III] AGN luminosity respect to the
AGN-dominated quasars.

We have measured the star formation rate from SED fitting
in the infrared band, however, also the [OII]3727 emission line
corrected for dust extinction is frequently used as an indicator of
SFR despite its complex dependence on metallicity and excita-
tion conditions. Unfortunately, only about half of our spectra (z
! 0.4) cover the Balmer decrement (Hα /Hβ ) typically used to
correct the [O II]luminosity for absorption. In Fig.4.3, left panel
we compare the [O II]luminosity not corrected for absorption to
the infrared luminosity in the 8-1000 µm derived from sed fit-
ting. As expected the dispersion is larger if we consider all the
quasars, but it is significantly reduced if we consider the two
groups independently. The points that are AGN dominated may
be significantly contaminated by the AGN and in fact they show
an excess of [O II]luminosity respect to the SB-dominated. In
the right panel of Fig.4.3 we compare instead the 8-1000 mc lu-
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No relation between ionised outflows and star formation 
in luminous quasars. Why? 

AGN feedback only affects central regions of galaxy  
(BH growth self regulated, galaxy wide feedback made 
by stars)


Mixture of positive and negative feedback which washes 
away any correlation


QSO lifetime much shorter than timescale needed for 
feedback effects to manifest



Ionized Outflows  (see Marcella’s talk)
Outflows at z~1.5-3.5 in ULIRGs (also SMGs) with radio quiet AGN


traced by [OIII]λλ5007,4959

L([OIII])~ 1-4 ×1043 erg s-1

FWHM([OIII]) ~700-1400 km/s

vout ~ 300-900 km/s

extended over 4-15 kpc

Pkin ~ 1043-1045 erg/s

Alexander et al. 2010, Harrison et al. 2012

6 C. M. Harrison et al.

Figure 2. Galaxy-integrated spectra, shifted to the rest-frame, around the [O III]λλ4959,5007 emission-line doublet. A large variety in the [O III] emission-
line profiles are found with both blueshifted and redshifted extremely broad (FWHM≈900–1400 km s−1) emission-line components, in addition to narrow
emission-line components. Of particular note is SMMJ1636+4057 which exhibits two broad components separated by ≈1700 km s−1, one blueshifted and
one redshifted with respect to the narrow component (see Appendix A8 for details). The dashed curves show the individual Gaussian components (with an
arbitrary flux offset) of the fits when two or three components are required. The solid curves show the best fitting overall emission-line profiles. The vertical
dashed lines show the rest-frame wavelengths of redshifted [O III]λ4959 and [O III]λ5007 based on the redshift of the narrowest Gaussian component. The
spectra for SMMJ0302+0006 and SMM1235+6215 are of lower signal-to-noise that the other spectra and have been binned by a factor of four for clarity. The
parameters of the emission-line fits and their uncertainties are given in Table 3.

to-noise. For example, in one source (SMMJ0217−0503), we iden-
tify a broad [O III] component in a sub-region of the IFU datacube
that is not identified in the galaxy-integrated spectrum (§3.3).

In the following sections we discuss the spatially re-
solved properties of all of the [O III] detected sources except
SMMJ0302+0006 and SMMJ1235+6215. SMMJ0302+0006 is

spatially unresolved in our data while SMMJ1235+6215 only dis-
plays tentative evidence for extended emission. In addition, the
[O III] emission line in SMMJ1235+6215 is extremely broad
and is offset by Δv ≈ −450 km s−1 from the Hβ emission line.
Therefore, there is evidence that at least the [O III] properties of
SMMJ1235+6215 may be intrinsically similar to the [O III] prop-

IFU spectroscopy of high-z ULIRGs hosting AGN 9

Figure 3. continued.

trinsically compact regions being extended by the seeing during our
observations. Following Alexander et al. (2010) we did this by ex-
tracting spectra from different regions and we found velocity struc-
ture in the broad emission lines, confirming that they are spatially
extended (see Appendix A for details on individual sources).

For the remainder of this work we quote the spatial extent of
the broad [O III] emission as the extent of the broad [O III] re-
gions shown in Fig. 4 (see Table 4). These values are consistent,
within the quoted uncertainties, with spatial extents of the broad
[O III] emission found in the velocity profiles shown in Fig 5.
The quoted spatial extents are likely to be lower limits as they
are not corrected for orientation and low surface brightness broad
[O III] emission will not be detected by our fitting procedures (de-
scribed in §3.2). We define the velocity offsets of the broad emis-
sion lines from the systemic, as the velocity differences between
the broad and narrow [O III] emission lines in the spectra ex-

tracted from the broad [O III] regions (see Fig. 4 and Table 4).
For SMMJ0217−0503 and RG J0332−2732 we use the velocity
offset to the narrow Hα emission, as no narrow [O III] emission
is observed. For SMM1636+4057 we use half of the velocity off-
set between the two broad components, which is also consistent
with the offset between each component and the velocity of the Hα
broad-line region (see Appendix A8).

4 DISCUSSION

Our IFU observations of eight z= 1.4−3.4 ULIRGs that host AGN
activity have revealed extreme gas kinematics with very broad
[O III] emission (FWHM≈700–1400 km s−1), extended up to
15 kpc and with high-velocity offsets, up to≈850 km s−1. We have
also identified narrow [O III] emission lines with moderate widths
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Figure 8. FWHM (broad component) of the 5007Å line against
the AGN bolometric luminosity for our targets and other 2 com-
parison samples for which AGN bolometric luminosities from SED
fitting are available, as labeled (see text for details).

systems, we plot in Figure 7 the average FWHM (⇠ 4.2Å
corresponding to ⇠ 250 km s�1 in the velocity space)
as a function of the uncorrected [OIII] luminosity mea-
sured on the stacked spectrum of a sample of 30 massive
(logM*=10.76-11.35) star forming galaxies selected to be on
the MS at z⇠ 1.6 and observed with FMOS in the COSMOS
survey (Kashino et al. 2013, black cross). In this case, the
stacked spectrum has been constructed by carefully exclud-
ing AGN from the sample. All our targets have measured
FWHM of the broad (and shifted) component well above the
average value of star forming galaxies at the same redshift
(see also Newman et al. 2012). If outflows driven from SF
winds were common in MS galaxies at z⇠ 1.6, these would
translate in a broadened FWHM in the stacked spectrum,
which instead is not observed.

The only source above the MS in our sample with prop-
erties comparable to the SMG/ULIRGs presented in H12
and for which we have the [OIII] spectrum is XID60053
(SFR⇠ 900 M� yr�1). This object shows only narrow (“S”)
components in the combined fit of the H↵ and [OIII] lines.
The possible CT nature for this source, coupled with the
other observed properties (high SFR, high extinction, ir-
regular morphology, and accretion rate at the Eddington
level; see Sections 2.3 and 4.3) point towards the interpreta-
tion that XID60053 may be caught in the “dust-enshrouded”
phase of rapid black hole growth which should occur before
the feedback phase. This would naturally explain the non de-
tection of strong broad components (as observed in XID5321
and XID2028) despite the similar intrinsic AGN luminosity
(see next Section).

5.2 Type 2 AGN samples

We now compare our results with those reported in the lit-
erature for objects selected on the basis of a purely AGN
classification.

Mullaney et al. (2013) presented the analysis from a
multicomponent (allowing for the presence of a broad com-
ponent) line fit of the [OIII]5007 line in the SDSS popu-
lation. In the lower panel of Fig. 7 we report the contour
levels extracted for the Type 2 AGN only, at observed total
[OIII] luminosities larger than 1040 erg s�1. The pinkish-
grey squares represent the average values of the “broad”
FWHM in two luminosities ranges (L[OIII]⇠ 1040.5 erg s�1

and L[OIII]⇠ 1042 erg s�1). All but two of our X-shooter
targets have FWHM > 716 km s�1, which represents the av-
erage FWHM of the broadest component in the SDSS Type
2 AGN sample at L[OIII]⇠ 1041.5�42.5 erg s�1. We note
that objects with FWHM > 900 km s�1 at L[OIII]>⇠1042

erg s�1 are rare in the SDSS sample (⇠2%, see Harrison
2013) while all of our 5 targets with observed L[OIII] larger
than this luminosity threshold revealed a broad component
with FWHM larger than the SDSS average. We also do not
find a clear trend of the broad FWHM with the L[OIII] in
our sample, as already pointed out in Harrison (2013).

In order to verify the efficiency of selection criteria
applied to X-ray sources in detecting objects with large
FWHM, we constructed the stacked spectrum of all XMM-
COSMOS Type 2 AGN at z=0.5-0.9 for which [OIII] is vis-
ible in the zCOSMOS spectra and without imposing any
preselection on their optical/IR colors (⇠ 110 objects). We
measured the FWHM in the average spectrum and the fit is
consistent with a single and symmetric line component with
FWHM⇠ 540 km s�1 (magenta square in Fig. 7). This value
is consistent with the average value of the broadest compo-
nent observed in the SDSS sample at comparable observed
[OIII] luminosities (L[OIII]=1040�41 erg s�1, FWHM⇠ 450
km s�1; see also Heckman et al. 1981). We note that both
the SDSS Type 2 and the XMM-COSMOS Type 2 samples
may contain also objects in the feedback phase (which occur
at different L and redshift due to the downsizing) and there-
fore with individual large FWHM associated to blueshifted
(or redshifted) [OIII] lines, but they are washed out in the
average stacking.

The higher average FWHM measured in our sample
with respect to the z⇠ 0.7 XMM-COSMOS Type 2 AGN
may be due to the larger luminosity of our sample, and
may be in principle simply ascribed to the fact that more
luminous systems are on average larger and therefore the
NLR extends at larger radii (e.g. Netzer et al. 2004; see
also R-Z13, Greene et al. 2011; Hainline et al. 2013; see also
the higher average FWHM in SDSS Type 2 AGN at high
L[OIII]). In the lower panel of Fig. 7 we also plot the re-
sults for 15 Type 2 QSOs from the SDSS studied in Greene
et al. (2009,2011), with total observed L[OIII]>⇠1042 erg s�1

(green triangles), therefore more directly comparable to our
targets. In this case no further selection in addition to line
ratio diagnostic has been applied. Although the authors indi-
cate outflows on scales extending from few up to 10 kpc as a
possible origin for the observed broad widths, we notice that
on average their values (average FWHM⇠ 525 km s�1) are
consistent with those observed in the SDSS Seyfert 2 sample,
and a factor of ⇠ 2 lower than the average observed in our
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Figure 8. FWHM (broad component) of the 5007Å line against
the AGN bolometric luminosity for our targets and other 2 com-
parison samples for which AGN bolometric luminosities from SED
fitting are available, as labeled (see text for details).

systems, we plot in Figure 7 the average FWHM (⇠ 4.2Å
corresponding to ⇠ 250 km s�1 in the velocity space)
as a function of the uncorrected [OIII] luminosity mea-
sured on the stacked spectrum of a sample of 30 massive
(logM*=10.76-11.35) star forming galaxies selected to be on
the MS at z⇠ 1.6 and observed with FMOS in the COSMOS
survey (Kashino et al. 2013, black cross). In this case, the
stacked spectrum has been constructed by carefully exclud-
ing AGN from the sample. All our targets have measured
FWHM of the broad (and shifted) component well above the
average value of star forming galaxies at the same redshift
(see also Newman et al. 2012). If outflows driven from SF
winds were common in MS galaxies at z⇠ 1.6, these would
translate in a broadened FWHM in the stacked spectrum,
which instead is not observed.

The only source above the MS in our sample with prop-
erties comparable to the SMG/ULIRGs presented in H12
and for which we have the [OIII] spectrum is XID60053
(SFR⇠ 900 M� yr�1). This object shows only narrow (“S”)
components in the combined fit of the H↵ and [OIII] lines.
The possible CT nature for this source, coupled with the
other observed properties (high SFR, high extinction, ir-
regular morphology, and accretion rate at the Eddington
level; see Sections 2.3 and 4.3) point towards the interpreta-
tion that XID60053 may be caught in the “dust-enshrouded”
phase of rapid black hole growth which should occur before
the feedback phase. This would naturally explain the non de-
tection of strong broad components (as observed in XID5321
and XID2028) despite the similar intrinsic AGN luminosity
(see next Section).

5.2 Type 2 AGN samples

We now compare our results with those reported in the lit-
erature for objects selected on the basis of a purely AGN
classification.

Mullaney et al. (2013) presented the analysis from a
multicomponent (allowing for the presence of a broad com-
ponent) line fit of the [OIII]5007 line in the SDSS popu-
lation. In the lower panel of Fig. 7 we report the contour
levels extracted for the Type 2 AGN only, at observed total
[OIII] luminosities larger than 1040 erg s�1. The pinkish-
grey squares represent the average values of the “broad”
FWHM in two luminosities ranges (L[OIII]⇠ 1040.5 erg s�1

and L[OIII]⇠ 1042 erg s�1). All but two of our X-shooter
targets have FWHM > 716 km s�1, which represents the av-
erage FWHM of the broadest component in the SDSS Type
2 AGN sample at L[OIII]⇠ 1041.5�42.5 erg s�1. We note
that objects with FWHM > 900 km s�1 at L[OIII]>⇠1042

erg s�1 are rare in the SDSS sample (⇠2%, see Harrison
2013) while all of our 5 targets with observed L[OIII] larger
than this luminosity threshold revealed a broad component
with FWHM larger than the SDSS average. We also do not
find a clear trend of the broad FWHM with the L[OIII] in
our sample, as already pointed out in Harrison (2013).

In order to verify the efficiency of selection criteria
applied to X-ray sources in detecting objects with large
FWHM, we constructed the stacked spectrum of all XMM-
COSMOS Type 2 AGN at z=0.5-0.9 for which [OIII] is vis-
ible in the zCOSMOS spectra and without imposing any
preselection on their optical/IR colors (⇠ 110 objects). We
measured the FWHM in the average spectrum and the fit is
consistent with a single and symmetric line component with
FWHM⇠ 540 km s�1 (magenta square in Fig. 7). This value
is consistent with the average value of the broadest compo-
nent observed in the SDSS sample at comparable observed
[OIII] luminosities (L[OIII]=1040�41 erg s�1, FWHM⇠ 450
km s�1; see also Heckman et al. 1981). We note that both
the SDSS Type 2 and the XMM-COSMOS Type 2 samples
may contain also objects in the feedback phase (which occur
at different L and redshift due to the downsizing) and there-
fore with individual large FWHM associated to blueshifted
(or redshifted) [OIII] lines, but they are washed out in the
average stacking.

The higher average FWHM measured in our sample
with respect to the z⇠ 0.7 XMM-COSMOS Type 2 AGN
may be due to the larger luminosity of our sample, and
may be in principle simply ascribed to the fact that more
luminous systems are on average larger and therefore the
NLR extends at larger radii (e.g. Netzer et al. 2004; see
also R-Z13, Greene et al. 2011; Hainline et al. 2013; see also
the higher average FWHM in SDSS Type 2 AGN at high
L[OIII]). In the lower panel of Fig. 7 we also plot the re-
sults for 15 Type 2 QSOs from the SDSS studied in Greene
et al. (2009,2011), with total observed L[OIII]>⇠1042 erg s�1

(green triangles), therefore more directly comparable to our
targets. In this case no further selection in addition to line
ratio diagnostic has been applied. Although the authors indi-
cate outflows on scales extending from few up to 10 kpc as a
possible origin for the observed broad widths, we notice that
on average their values (average FWHM⇠ 525 km s�1) are
consistent with those observed in the SDSS Seyfert 2 sample,
and a factor of ⇠ 2 lower than the average observed in our
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Get PSF from 
broad H𝛽 flux map


Spatially resolved 
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maps in 5/6 objects 

Outflow velocities 
of ~300-600 km/s 

Velocity dispersions 
up to ~800 km/s
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Ionized outflows in luminous quasars

Simple kinematical model: 
disk + conical outflowou#low&model&



Ionized outflows in luminous quasars

Observed velocity maps provide evidence for 
conical outflows


Flux                         Velocity                 Line Width

Simple kinematical model: 
disk + conical outflowou#low&model&



Ionized outflows in luminous quasars
Physical properties of ionised outflows: uncertainty on outflow mass, only 
ionised gas is traced !
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Molecular outflows in local 
AGN (Cicone+2014)
[OIII] outflows in Type 2 local 
AGN (Harrison+2014)

[OIII] outflows in z~2.5 quasars 
(Carniani+, in prep.)

[OIII] outflows in X-ray obscured 
AGN (Brusa+2014)
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Ionized outflows in luminous quasars
Subtract “broad” (~1000-1500 km/s) [OIII] ➙ outflow


Residual faint “narrow” (~100-200 km/s) [OIII] ➙ host galaxy, star formation?



Ionized outflows in luminous quasars
Origin of “narrow” [OIII] emission?  AGN or Star Formation excited?

K band observations targeting H𝛼 … subtract broad H𝛼 and outflow 
component … narrow H𝛼 residual 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Ionized outflows in luminous quasars
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K band observations targeting H𝛼 … subtract broad H𝛼 and outflow 
component … narrow H𝛼 residual 
no [NII], upper limit on [NII]/H𝛼 excludes AGN excitation → star formation!
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[OIII] velocity Narrow H𝛼 fluxK band: broad H𝛼 subtracted

Ionized outflows in luminous quasars
Origin of “narrow” [OIII] emission?  AGN or Star Formation excited?

K band observations targeting H𝛼 … subtract broad H𝛼 and outflow 
component … narrow H𝛼 residual 

Narrow Ha/[OIII] emission traces star formation  
and is anti-correlated with the presence of fast outflows!


Detailed analysis of high luminosity quasars provides 
evidence for fast outflows quenching star formation, 

AGN feedback revealed! (?)

no [NII], upper limit on [NII]/H𝛼 excludes AGN excitation → star formation!



Next Steps
Compare molecular and ionized outflow using future ALMA observations 
(project approved, priority B)


Improve outflow model to compare with observations

Narrow 
component

Nucleus
External region Narrow component  

Flux map[OIII] velocity map

Figure 2: [OIII]velocity maps of LBQS0109 (left panel). The blue colours identify the fastest outflow
velocities which appear to trace a conical outflow. The black contours denote the surface brightness
distribution of the broad H�, i.e. they identify the AGN point source. Center panel: comparison
between the nuclear spectrum (red; extracted from the red square in the left panel) and the spectrum
of an external region (black; extract from the black square in the left panel). A narrow (⇠ 150 km/ s)
component of [OIII] is clearly detected. Right: flux map of the narrow component identified in the
central panel. The narrow [OIII] emission is anti-correlated with the presence of the fast outflow.

Figure 3: Expected CO(3-2) intensity maps for 2QZJ0028 (fainter source, 1 mJy/beam, left panel)
and LBQS0109 (brightest source, 10 mJy/beam, right panel). The total intensity images, compared
with the velocity maps in figures 1 and 2, clear show the spatial anti correlation of the CO(3-2)
emission and of the fast [OIII] outflow.

4

Simulations of observations with ALMA of 
 CO(3-2) emission for the two approved sources  

(assuming outflows remove molecular gas)



From sample of local quasars at z < 1: 
the presence of ionized outflows does not appear to significantly affect 
star formation (problem of time scales?)
From a small sample of obscured AGN at 1.5 and quasars at z~2.5 with 
detailed Integral Field Spectroscopy (see also talk by Marcella Brusa) 
ionized gas outflows (partially) sweep away gas in quasar host galaxies 
and prevent star formation

Conclusions
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SFR~100 M⊙/yr SFR~180 M⊙/yr

From sample of local quasars at z < 1: 
the presence of ionized outflows does not appear to significantly affect 
star formation (problem of time scales?)
From a small sample of obscured AGN at 1.5 and quasars at z~2.5 with 
detailed Integral Field Spectroscopy (see also talk by Marcella Brusa) 
ionized gas outflows (partially) sweep away gas in quasar host galaxies 
and prevent star formation
One possibility which reconciles both results is that feedback from a 
single episode of quasar activity does not significantly affect SF on the 
whole galaxy; the “feedback” observed in the z~2.5 quasars does not 
significantly depress SF over the whole galaxy. Is feedback important?
ALMA observations planned
Stay tuned for more ! 
Brusa+15, arXiv:1409.1615,  
Perna+15, arXiv:1410.5468 
Cresci+15, arxiv.org:1411.4208 
Balmaverde+, 2015a, 2015b 
Carniani+, 2015  
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