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Relations between supermassive 
black holes and their host galaxies 
(e.g. MBH-𝜎): co-evolution 
AGN feedback is the mechanism 
linking BHs to their host galaxies: 
causes quenching of  
star formation and BH accretion

Evidences for feedback?  
Massive outflows in ionised and 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)


Direct evidences for outflows  
quenching (enhancing)  
Star Formation?

What is the driving/accelerating  
mechanism of (molecular) outflows?

What is their impact on ISM?

Co-evolution of BHs and Host Galaxies

A&A 518, L155 (2010)

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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QSO  
z~6.4



Evidences at high redshift
Results from high redshift quasars (z~2.5): evidence for fast outflows 
quenching star formation, AGN feedback revealed! (?)


 K band: broad H𝛼 subtracted[OIII] velocity Narrow H𝛼 flux

Carniani+2015

Very difficult to measure outflow physical quantities and provide 

interpretation even at high spatial resolution.


Need much larger intrinsic spatial resolution to study SF vs AGN 

activity, relation between ionised and molecular outflows, etc. 


Nearby AGN!



The MAGNUM survey
Measuring Active Galactic Nuclei Under the MUSE microscope

1′×1′ FOV, 0.2′′ sampling (300×300 spaxels) 
4800-9300 Å wavelength range

Nearby AGN (D < 30 Mpc) observable from ESO

Seeing limited (~1”): 
15 pc (@4Mpc)   
115 pc (@30Mpc) 

10 objects so far 

Multi-wavelength data:  Chandra, XMM-Newton,  
Galex, HST, Spitzer, Herschel, ALMA, Radio

OIII H!

NGC1365

Circinus

MUSE@VLT



MUSE@VLT view

Green: Continuum; Blue: Ha; Red: [OIII]

Optical B-V-R (CGS survey)

NGC 5643: a barred Seyfert 2

Green: [NII] ; Blue: Ha; Red: [OIII]
Cresci, AM et al., 2015
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Nuclear Outflow in NGC5643

6

15”=1.2	kpc

VLA	8.4	GHz

Chandra	0.5-0.8	keV	
Chandra	0.3-0.5	keV

Evidences for outflowing gas 
in the nuclear region:


• [OIII], [NII] asymmetric line 
profiles


• Diffuse radio jet from VLA 
(Leipski et al. 2010)


• Chandra X-ray data


Cresci, AM et al., 2015
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Positive feedback in NGC5643?

7

The two “blobs”:


• Show SF-like line ratios

• Are on the receding side 

of the dust lane

• Have high EW(H𝛼) → 

young age (~10 Myr)

• Are much closer than the 

SF ring around the 
nucleus, in the ionization 
cone


• Are in the direction of the 
outflow

Positive	Feedback? Cresci, AM et al., 2015



Circinus galaxy



Kinematical structure in cone

A conical outflow with 
velocity increasing  
towards the cone 
axis?



Ionisation structure in cone

Marconi et al. 2016, in prep.



Matter bounded clouds?

Marconi et al. 2016, in prep.



NGC 4945
A strong starburst  
& a hidden AGN…



White Light 
MUSE image

36 CHAPTER 2. THE INTEGRAL FIELD SPECTROGRAPH MUSE

32 49 102 191 314 475 669 898 1165 1465 1800Figure 2.2.4: False-color image of NGC 1365, resulting from the combination of the 8
exposures. The image has been obtaining by collapsing the whole spectral range. The
colors only represent the intensity of the emission.

NGC 136522 CHAPTER 1. GALAXIES AND ACTIVE GALACTIC NUCLEI

Figure 1.5.1: Three-color optical image of NGC 1365 combining observations performed
through three di�erent filters (B, V, R) with the 1.5-metre Danish telescope at the ESO
La Silla Observatory in Chile. The green box indicates the region analyzed in this work.
Credit: ESO/IDA/Danish 1.5 m/ R. Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron.

1.5 NGC 1365: a local Seyfert galaxy
This work has focused on studying the central regions (a few kpc) of the local active galaxy
NGC 1365. This object, having a redshift of z 0.0055 (taken from the NASA/IPAC Ex-
tragalactic Database, NED), is a barred spiral galaxy which belongs to the Fornax cluster.
Its sky coordinates are 03h33m36.371s (RA) and -36d08m25.45s (DEC), while its angular
size in the sky is 11.2 6.2 (see NED). A 23.40 17.62 optical image of NGC 1365
is displayed in Figure 1.5.1, showing the two main spiral arms and the bar between them.
Inside the bar, dust filaments and a strong-emitting central region can be observed. With
an average diameter of 60 kpc (taken from NED) this galaxy has about twice the size of
the Milky Way. The region of the galaxy which has been analyzed in this work is indicated
with the green box. The North is perpendicular to the left side of the green box35.

35In all the images shown in the rest of this work the North corresponds to their upper side.

MUSE FOV

[OIII], flux, velocity, 
velocity dispersion

3.4 EMISSION LINES MAPS 59

(c) Map of the velocity of [OIII] relative to the velocity of the stars.

(d) Map of the the velocity dispersion of [OIII].

Figure 3.4.1: Maps of flux, velocity, star-subtracted velocity and velocity dispersion of
[OIII]. The black lines are contours of the flux.

58 CHAPTER 3. MUSE DATA ANALYSIS

(a) Map of the flux of [OIII] in logarithmic scale.

(b) Map of the velocity of [OIII] relative to its velocity in the center.

3.4 EMISSION LINES MAPS 59

(c) Map of the velocity of [OIII] relative to the velocity of the stars.

(d) Map of the the velocity dispersion of [OIII].

Figure 3.4.1: Maps of flux, velocity, star-subtracted velocity and velocity dispersion of
[OIII]. The black lines are contours of the flux.



NGC 13653.4 EMISSION LINES MAPS 61

(a) Map of the flux of [OIII] (in logarithmic scale) for v 300 km s 1.

(b) Map of the flux of [OIII] (in logarithmic scale) for 300 km s 1 v 300 km s 1.
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0

5.0×103

1.0×104

1.5×104

4900 5000 5100
Wavelength (Å)

−2000
−1000

0
1000

Fl
ux

 (1
0−

20
er

g 
s−

1
cm

−
2

Å
−
1 )

(a) Fit of [OIII] and H� of a region extracted from the vertical filament under the center (above-left
(0, 20) arcsec), showing two well distinct peaks for [OIII] and only one for H�.
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(b) Fit of [OIII] and H� of a spectrum extracted from an area at the bottom-left of the center (around
( 10, 10) arcsec), showing two well distinct peaks both for [OIII] and for H�.

Figure 3.4.7: Fit of [OIII] and H� of two di�erent regions, both showing a double peak of
[OIII], but only one having the second peak also in H�.
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(a) Fit of [OIII] and H� of a region extracted from the vertical filament under the center (above-left
(0, 20) arcsec), showing two well distinct peaks for [OIII] and only one for H�.
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(b) Fit of [OIII] and H� of a spectrum extracted from an area at the bottom-left of the center (around
( 10, 10) arcsec), showing two well distinct peaks both for [OIII] and for H�.

Figure 3.4.7: Fit of [OIII] and H� of two di�erent regions, both showing a double peak of
[OIII], but only one having the second peak also in H�.

Venturi+, 2016
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Figure 3.4.18: Map of [SII] �6716/�6731 flux ratio, which is a density diagnostic.

3.4.6 Density of the gas
The ratio of the [SII] line doublet, i.e. [SII] �6716/�6731, has been employed to map the
density of the ionized gas, according to the concepts introduced in 1.4.5. The map can be
inspected in Figure 3.4.18. The relation between the ratio and the density can be inspected
in Figure 1.4.5. The highest densities (corresponding to the lowest values of the ratio) are
observed in the starburst regions, where the strongest fluxes of H↵ and H� are measured
(see 3.4.8a and 3.4.4a). The spot at the highest density (cyan) has a ratio of 0.8 0.9,
which implies a density of ne 8 102 103 cm 3. The green and yellow areas (ratio

1 1.1) correspond to ne 3 102 5 102 cm 3. Light red (ratio 1.3) coincides
with clouds having ne 102 cm 3, while dark red traces very low density regions, which
reach values of ne 1 10 cm 3 in the darkest ones.

3.4.7 Diagnostic diagrams
The measured fluxes of [OIII], H�, [NII], H↵ and [SII] have been employed to quantita-
tively separate AGN-dominated regions by starburst ones, making use of the BPT diag-
nostic diagrams described in 1.4.2.

The maps of the line ratios [NII]/H↵ and [OIII]/H� are displayed in Figures 3.4.19

106 CHAPTER 5. MUSE-CHANDRA MATCHING

Figure 5.0.1: Comparison of [OIII] flux (green) and soft X-ray emission between 0.3
1.2 keV (red). On the left the [OIII] alone is shown, so as to allow a better comparison.

Figure 5.0.2: [OIII] flux (green) and emission between 0.45 0.75 keV (red), containing
OVII and OVIII emission lines.

109

Figure 5.0.5: Matching between [NII]/H↵ (green) and hard X-ray emission in the interval
2 7 keV (blue).

Figure 5.0.6: Comparison between [OIII]/H� (green) and hard X-ray emission in the in-
terval 2 7 keV (blue).

OIII 0.3-1.2 keV

NII/H𝛼  2-7 keV
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Conclusions

MUSE data of nearby AGN allow detailed studies of outflow structure 
(kinematics and ionisation): 
Velocity and ionisation structure of conical outflow in Circinus 
and NGC 4945 

MUSE data allow studying the relation between AGN and SF: 
Possible positive feedback in NGC 5643 

Working on detailed modelling of kinematics and ionisation


kinematical model to infer outflow parameters 

photoionisation modeling for the physical properties of ionised gas


Many complementary observations, e.g. Chandra, XMM-Newton, Galex,  
HST, Spitzer, Herschel, ALMA, Radio 

Stay tuned for results in the next few weeks!

16
Cresci et al. 2015, Marconi et al. 2016, Venturi et al. 2016


