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We are still far from being able to include in detail the physics of outflows to galaxy models 
and to understand their effects on galaxy evolution 

 

The importance of outflows in galaxy evolution
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mass, SFE = SFR/Mgas or SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values in the range from
⇠ 10 to 200, with the latter population generally lying at the up-
per end of this range (Feruglio et al. 2014). We note that the SFE
of individual classes of sources is roughly constant with redshift
at z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore, the
characteristic SFE-ranges for optically luminous QSOs and star-
forming galaxies quoted above are e↵ectively applicable at all
z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few higher (up
to 10) with respect to normal, isolated galaxies (Di Matteo et al.
2005, 2007; Hopkins 2012). This translates to an enhancement
of the SFE by the same amount (Di Matteo et al. 2007). An even
higher SFE could be associated with the subsequent phases, i.e.
the feedback phase and in particular the QSO phase, because the
CO luminosity reflects the current (depleted) amount of molec-
ular gas, while the IR emission responds to the associated de-
crease in SF more slowly than the outflow timescales (see §2.2;
Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages so that the higher the obscuration, the larger
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applicable to all the obscured systems,
there is some observational evidence confirming the presence of
galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi et
al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the ‘empirical’ SFE definition, SFE = LIR/L0CO,
rather than the ‘physical’ SFE in units of yr�1. Here LIR refers to the
8 � 1000µm integrated stellar infrared luminosity, while L0CO indicates
the CO(1-0) luminosity. The advantage of using these empirical mea-
surements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the physical formalism for the
derivation of gas masses (see Sect. 4.5 in Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the standard SB-QSO evolu-
tionary sequence. In the first two panels, the blue ellipse and yellow star
represent the galaxy and the central SMBH, respectively; the light and
dark grey areas refer to inflowing gas and dust. Dark blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
tre studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimetre galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
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The paper is organised as follows. In Section (§) 2 we present
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Figure 1.11: (top panels:) [O III] emission line velocity maps of MRC0404 � 244 for both velocity
o↵sets (left) and FWHM (right). Colour bars show the velocity in km/s; contours indicate the 1.4
GHz flux, tracing the nuclear and the extended jet emission. (bottom panel:) Nuclear [O III] doublet
emission of MRC0404 � 244, showing line splitting for both the doublet components. Blue Gaussian
profiles mark three separate kinematic components required to reproduce the total profiles. Figures
from Nesvadba et al. (2008).
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Fig. 11: Flux maps extracted by collapsing the channels in the range [< �350 km s�1] (“blue tail"; left panel), and [> 350 km s�1](“red tail"; right panel). The images are extracted from the “natural" flux maps, in order to maximize the sensitivity to detect faintfeatures. The cyan contours represent the sigma levels: -2, -3 (dashed) 1, 2, 2.5 and 3 (solid; 1� ⇠0.016 Jy km s�1). The blackcontours at 3, 4, 5, 7 and 9 � mark the dust continuum emission (from the right panel of Figure 1). The beam ellipse is drawn in thebottom right corner in all panels. The color wedge gives the flux intensity scale in Jy km/s/beam.

obtained by SINFONI tracing the SF regions in the galaxy (takenfrom Cresci et al. 2015). In green we also show the contours ofthe continuum-subtracted line map extracted from the blue wing(1.294-1.296 micron) of the [O III] emission (also taken fromCresci et a. 2015). Interestingly, the blue tail of the CO(5-4) trac-ing the molecular outflow, is co-spatial with the observed [O III]blue emission due to outflowing warm ionised gas. This is thefirst time that an outflow in both the molecular and ionised com-ponents has been detected in the same object and on the samespatial region, therefore likely associated to the same outflowepisode.
As a consequence of the co-spatiality of the ionised andmolecular outflow, Figure 12 also shows that both the CO and[O III] blue tail emissions are compatible to be in between theSF knots traced by the H↵ narrow emission, reinforcing the re-sults obtained from the analysis of the ionised components only.The spatial resolution and sensitivity of the ALMA data are notsu�cient to detect the SF knots in the dust continuum (can wequantify this based on the narrow H↵ flux measured in theknots from SINFONI?.) However, asymmetry observed in thecontinuum emission in the nucleus, with the northern region be-ing more elongated towards the W direction (i.e. towards the H↵knot; see Section 2.1) confirms that even an extinction free tracerof ongoing star formation as the dust continuum emission showsanti-correlation between the high velocity gas (both ionized andmolecular) location and the bulk of star formation in the hostgalaxy.

Our estimates on the flux associated with the outflow rangebetween ⇠ 0.1 to ⇠ 0.3 Jy km s�1, about 15-40% of the to-tal flux associated with the host galaxy. We will assume in thefollowing a representative value of 0.2±0.1 Jy km s�1. In or-der to derive the associated outflowing mass, an ↵CO should beadopted. Recent numerical simulations suggest that moleculesare formed and accelerated in-situ in AGN-driven galactic winds(Richings & Faucher-Giguère 2017). In this case the derived ↵CO

is 0.15 M�/(K km s�1 pc2), a factor of ⇠ 5 lower the ↵CO = 0.8adopted to estimate the molecular gas content of the galaxy,and a factor ⇠ 2 smaller than the the predictions for opticallythin regime expected in gas with large velocity dispersions (e.g.galaxy winds, ↵CO=0.33; Bolatto et al. 2013, Dasyra et al. 2016).Further assuming the same excitation ratio discussed in Sec-tion 6, this translates into a total gas associated with the outflowMgas,out ⇠ 0.5⇥ 109 M�, although with large uncertainties, giventhe chain of assumptions employed, each one basically with a50% error.

We then estimated the average mass outflow rate, outflowkinetic power and momentum flux in the most conservative wayby deriving the average value based on the observed maximumvelocity and spatial scales (see discussion in Veilleux et al. 2017;equations 1, 2 and 3). Assuming a spatial scale of 10 kpc and anoutflow velocity of 700 km s�1, we derive Ṁgas,out ⇠ 100 ± 70M� yr�1 (summing in quadrature the factor of 2 uncertaintiesin the flux estimate and adopted excitation ratio) in the case of↵CO=0.15, and correspondingly Ėgas,out ⇠ 1.6⇥1043 erg s�1. givealso Ṗgas,out?).

The mass outflow rate is of the same order of magnitude ofthe ionised one, although a factor ⇠ 3 smaller. We note that inthe literature estimates using an higher values of ↵CO=0.8 areusually reported, leading to an outflowing gas mass outflow ratea factor of ⇠ 5 higher and therefore comparable to the one mea-sured from SINFONI data.

The total mass outflow rate including both the warm ionizedgas and the cold molecular gas would therefore be Ṁ ⇠ 500Msun/yr. This is the first time that the measurement of total out-flowing mass including both components is reported for an high-z QSO.
Article number, page 12 of 14page.14
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Multiphase outflow

Total mass outflow rate: ~500-800 Msun/yr
Ṁion ~300 Msun/yr 
Ṁneu ~80 Msun/yr 
Ṁmol ~50-350 Msun/yr
(Largest uncertainty: αco  (0.13-0.8); see Richings&F-G18)

Brusa+2018

The molecular outflow is co-spatial with the ionized outflow

see also Vayner+2017

Fiore+2017

example of a system where molecular andionised outflow components may be 
comparable

Is this the rule for all the luminous  systems?

(Brusa+18)
(MP+15)
(Cresci+15)

Multi-phase characterisation 
for a few high-z AGN (Brusa+18, Vayner+17)
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Schinnerer+16

Star Formation Efficiency SFE = SFR / Mgas

     = LIR / L’CO

cold gas mass Mgas = αCO  L’CO 

Depletion time  t depl. = Mgas / SFR 
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mass, SFE = SFR/Mgas or, SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values range from ⇠ 10
and 200, with the latter population generally lying on the upper
end of this range (Feruglio et al. 2014). We note that the SFE of
individual classes of sources is roughly constant with redshift at
z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore,
the characteristic SFE-ranges for optically luminous QSOs and
star-forming galaxies quoted above are e↵ectively applicable at
all z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback, which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few (up to 10)
higher with respect to normal, isolated galaxies (Di Matteo et
al. 2005, 2007; Hopkins 2012). This translates to an enhance-
ment of the SFE by the same amount (Di Matteo et al. 2007). An
even higher SFE could be associated with the subsequent phases
- i.e. the feedback phase and, in particular, the QSO phase - be-
cause the CO luminosity reflects the current (depleted) amount
of molecular gas, while the IR emission responds to the asso-
ciated decrease in SF more slowly than the outflow time-scales
(see §2; Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages, so that the higher the obscuration, the higher
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applied to all the obscured systems,
there are some observational evidence confirming the presence
of galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi
et al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the “empirical” SFE definition, SFE = LIR/L0CO,
rather than the “physical” SFE with units of yr�1. Here, LIR refers to
the 8 � 1000µm integrated stellar infrared luminosity, while L0CO indi-
cates the CO(1-0) luminosity. The advantage of using these empirical
measurements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the “physical” formalism for the
derivation of gas masses (Sect. 4.5 of Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the “standard” SB-QSO evo-
lutionary sequence. In the first two panels, the blue ellipse and yellow
star represent the galaxy and the central SMBH, respectively; light and
dark gray areas refer to inflowing gas and dust. Dark-blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase, its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
ter studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimeter galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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Star Formation Efficiency SFE = SFR / Mgas

     = LIR / L’CO

gas fraction   fgas = Mgas / ( Mstar +Mgas )
normalised gas fraction µgas = fgas / fgas |MS

cold gas mass Mgas = αCO  L’CO 

Depletion time  t depl. = Mgas / SFR 

Methods and Definitions

Schinnerer+16
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tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values in the range from
⇠ 10 to 200, with the latter population generally lying at the up-
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of individual classes of sources is roughly constant with redshift
at z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore, the
characteristic SFE-ranges for optically luminous QSOs and star-
forming galaxies quoted above are e↵ectively applicable at all
z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few higher (up
to 10) with respect to normal, isolated galaxies (Di Matteo et al.
2005, 2007; Hopkins 2012). This translates to an enhancement
of the SFE by the same amount (Di Matteo et al. 2007). An even
higher SFE could be associated with the subsequent phases, i.e.
the feedback phase and in particular the QSO phase, because the
CO luminosity reflects the current (depleted) amount of molec-
ular gas, while the IR emission responds to the associated de-
crease in SF more slowly than the outflow timescales (see §2.2;
Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages so that the higher the obscuration, the larger
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applicable to all the obscured systems,
there is some observational evidence confirming the presence of
galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi et
al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the ‘empirical’ SFE definition, SFE = LIR/L0CO,
rather than the ‘physical’ SFE in units of yr�1. Here LIR refers to the
8 � 1000µm integrated stellar infrared luminosity, while L0CO indicates
the CO(1-0) luminosity. The advantage of using these empirical mea-
surements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the physical formalism for the
derivation of gas masses (see Sect. 4.5 in Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the standard SB-QSO evolu-
tionary sequence. In the first two panels, the blue ellipse and yellow star
represent the galaxy and the central SMBH, respectively; the light and
dark grey areas refer to inflowing gas and dust. Dark blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
tre studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimetre galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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mass, SFE = SFR/Mgas or, SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values range from ⇠ 10
and 200, with the latter population generally lying on the upper
end of this range (Feruglio et al. 2014). We note that the SFE of
individual classes of sources is roughly constant with redshift at
z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore,
the characteristic SFE-ranges for optically luminous QSOs and
star-forming galaxies quoted above are e↵ectively applicable at
all z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback, which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few (up to 10)
higher with respect to normal, isolated galaxies (Di Matteo et
al. 2005, 2007; Hopkins 2012). This translates to an enhance-
ment of the SFE by the same amount (Di Matteo et al. 2007). An
even higher SFE could be associated with the subsequent phases
- i.e. the feedback phase and, in particular, the QSO phase - be-
cause the CO luminosity reflects the current (depleted) amount
of molecular gas, while the IR emission responds to the asso-
ciated decrease in SF more slowly than the outflow time-scales
(see §2; Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages, so that the higher the obscuration, the higher
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applied to all the obscured systems,
there are some observational evidence confirming the presence
of galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi
et al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the “empirical” SFE definition, SFE = LIR/L0CO,
rather than the “physical” SFE with units of yr�1. Here, LIR refers to
the 8 � 1000µm integrated stellar infrared luminosity, while L0CO indi-
cates the CO(1-0) luminosity. The advantage of using these empirical
measurements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the “physical” formalism for the
derivation of gas masses (Sect. 4.5 of Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the “standard” SB-QSO evo-
lutionary sequence. In the first two panels, the blue ellipse and yellow
star represent the galaxy and the central SMBH, respectively; light and
dark gray areas refer to inflowing gas and dust. Dark-blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase, its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
ter studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimeter galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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mass, SFE = SFR/Mgas or SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values in the range from
⇠ 10 to 200, with the latter population generally lying at the up-
per end of this range (Feruglio et al. 2014). We note that the SFE
of individual classes of sources is roughly constant with redshift
at z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore, the
characteristic SFE-ranges for optically luminous QSOs and star-
forming galaxies quoted above are e↵ectively applicable at all
z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few higher (up
to 10) with respect to normal, isolated galaxies (Di Matteo et al.
2005, 2007; Hopkins 2012). This translates to an enhancement
of the SFE by the same amount (Di Matteo et al. 2007). An even
higher SFE could be associated with the subsequent phases, i.e.
the feedback phase and in particular the QSO phase, because the
CO luminosity reflects the current (depleted) amount of molec-
ular gas, while the IR emission responds to the associated de-
crease in SF more slowly than the outflow timescales (see §2.2;
Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages so that the higher the obscuration, the larger
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applicable to all the obscured systems,
there is some observational evidence confirming the presence of
galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi et
al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the ‘empirical’ SFE definition, SFE = LIR/L0CO,
rather than the ‘physical’ SFE in units of yr�1. Here LIR refers to the
8 � 1000µm integrated stellar infrared luminosity, while L0CO indicates
the CO(1-0) luminosity. The advantage of using these empirical mea-
surements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the physical formalism for the
derivation of gas masses (see Sect. 4.5 in Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the standard SB-QSO evolu-
tionary sequence. In the first two panels, the blue ellipse and yellow star
represent the galaxy and the central SMBH, respectively; the light and
dark grey areas refer to inflowing gas and dust. Dark blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
tre studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimetre galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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mass, SFE = SFR/Mgas or, SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values range from ⇠ 10
and 200, with the latter population generally lying on the upper
end of this range (Feruglio et al. 2014). We note that the SFE of
individual classes of sources is roughly constant with redshift at
z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore,
the characteristic SFE-ranges for optically luminous QSOs and
star-forming galaxies quoted above are e↵ectively applicable at
all z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback, which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few (up to 10)
higher with respect to normal, isolated galaxies (Di Matteo et
al. 2005, 2007; Hopkins 2012). This translates to an enhance-
ment of the SFE by the same amount (Di Matteo et al. 2007). An
even higher SFE could be associated with the subsequent phases
- i.e. the feedback phase and, in particular, the QSO phase - be-
cause the CO luminosity reflects the current (depleted) amount
of molecular gas, while the IR emission responds to the asso-
ciated decrease in SF more slowly than the outflow time-scales
(see §2; Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages, so that the higher the obscuration, the higher
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applied to all the obscured systems,
there are some observational evidence confirming the presence
of galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi
et al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the “empirical” SFE definition, SFE = LIR/L0CO,
rather than the “physical” SFE with units of yr�1. Here, LIR refers to
the 8 � 1000µm integrated stellar infrared luminosity, while L0CO indi-
cates the CO(1-0) luminosity. The advantage of using these empirical
measurements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the “physical” formalism for the
derivation of gas masses (Sect. 4.5 of Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the “standard” SB-QSO evo-
lutionary sequence. In the first two panels, the blue ellipse and yellow
star represent the galaxy and the central SMBH, respectively; light and
dark gray areas refer to inflowing gas and dust. Dark-blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase, its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
ter studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimeter galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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mass, SFE = SFR/Mgas or SFE = LIR/L0CO
1, in the range be-

tween a few 100 L�/(K km s�1 pc2 ) (units omitted from now
on for simplicity) and ⇡ 1000 (see e.g. Fig. 4 in Feruglio et al.
2014 for an early compilation). On the other hand, normal star-
forming galaxies and SBs display SFE values in the range from
⇠ 10 to 200, with the latter population generally lying at the up-
per end of this range (Feruglio et al. 2014). We note that the SFE
of individual classes of sources is roughly constant with redshift
at z > 1 (e.g. Sargent et al. 2014; Feruglio et al. 2014; Schinnerer
et al. 2016; Tacconi et al. 2018; Yang et al. 2017). Therefore, the
characteristic SFE-ranges for optically luminous QSOs and star-
forming galaxies quoted above are e↵ectively applicable at all
z>1 (see §4.1 for more detailed discussion).

According to the SB-QSO paradigm, the SFE of unobscured
QSOs should be significantly higher than for main sequence
(MS; Speagle et al. 2014) galaxies and SBs because of the AGN
feedback which expelled the gas from their host galaxies dur-
ing previous phases. In particular, during the initial stages of the
merger, the SFR is expected to be a factor of a few higher (up
to 10) with respect to normal, isolated galaxies (Di Matteo et al.
2005, 2007; Hopkins 2012). This translates to an enhancement
of the SFE by the same amount (Di Matteo et al. 2007). An even
higher SFE could be associated with the subsequent phases, i.e.
the feedback phase and in particular the QSO phase, because the
CO luminosity reflects the current (depleted) amount of molec-
ular gas, while the IR emission responds to the associated de-
crease in SF more slowly than the outflow timescales (see §2.2;
Fig. 1).

In the SB-QSO evolutionary sequence, obscured AGN are
associated with a transitioning phase between the SB- and QSO-
dominated stages so that the higher the obscuration, the larger
the gas reservoirs in the host galaxy. In this framework, the ob-
scuration is due to galaxy-scale absorbers rather than a nuclear
dusty torus on the line of sight. Although this argument is still
debated and might not be applicable to all the obscured systems,
there is some observational evidence confirming the presence of
galaxy-scale absorbers in obscured QSOs (see e.g. Lanzuisi et
al. 2017 and references therein; Gallerani et al. 2017; Gilli et
al. 2010, 2014; Rosario et al. 2018; Symeonidis 2017). This is
suggested, for example, by the correlation between the nuclear
column density (NH) and the amount of gas traced by the CO on
kpc-scales (e.g. Rosario et al. 2018), and by the fact that in a few
high-z CT AGN the absorber can be fully accounted for by the
amount of CO gas and its compactness (e.g. Gilli et al. 2014).
Moreover, numerical simulations by Hopkins et al. (2016) also
show that typical nuclear conditions of post-merger objects are
generally associated with isotropically obscured SMBHs with
log(NH/cm�2)⇡ 24�26. Only when the AGN-driven winds start,
a cavity is generated in the direction perpendicular to SMBH ac-
cretion disk and the nuclear regions can be observed as a mildly-
to-modestly obscured AGN (see also e.g. Hopkins et al. 2005).

The study the molecular gas conditions in di↵erent classes of
sources may play and important role to test the SB-QSO evolu-
tionary sequence. In this regard, scarce observations have been
carried out for heavily obscured AGN at the peak epoch of cos-
mic SF activity and SMBH growth (z ⇠ 2; Cimatti et al. 2006).

1 In this paper, we use the ‘empirical’ SFE definition, SFE = LIR/L0CO,
rather than the ‘physical’ SFE in units of yr�1. Here LIR refers to the
8 � 1000µm integrated stellar infrared luminosity, while L0CO indicates
the CO(1-0) luminosity. The advantage of using these empirical mea-
surements is that they are not subject to the uncertainties related to
the use of conversion factors needed in the physical formalism for the
derivation of gas masses (see Sect. 4.5 in Carilli & Walter 2013).

Fig. 1: Schematic diagram to illustrate the standard SB-QSO evolu-
tionary sequence. In the first two panels, the blue ellipse and yellow star
represent the galaxy and the central SMBH, respectively; the light and
dark grey areas refer to inflowing gas and dust. Dark blue clouds with
yellow outlines indicate outflows. In the last panel, the yellow star and
ellipse represent the SMBH and the QSO emission. In the first phase
(left panel), the central regions are fuelled by huge amounts of gas
and dust, and the SMBH is highly obscured. These systems, originat-
ing from gas-rich galaxy mergers, are commonly identified as SMGs,
and are associated with star formation e�ciencies of ⇠ 100 ÷ 200. The
SFE of CT/highly obscured QSOs is mostly unknown. These systems, if
tracing the same evolutionary stage, should have SFEs similar to those
of SMGs. In the last phase (right panel), the system is revealed as an
unobscured QSO (bright enough to easily outshine its host galaxy). In
this phase its gas reservoir is expected to be strongly depleted. The SFE
measured in optically luminous QSOs can span a wide range, from a few
100 to ⇠ 2000. In the transition phase (central panel), galaxy-wide out-
flows start to remove the dust and gas reservoirs (which only partially
obscure the nuclear regions). We observe these systems as obscured
QSOs (generally associated with signatures of outflows). For these sys-
tems, we naively expect to observe intermediate SFE between SMGs
and unobscured QSOs.

The identification of distant, buried QSOs is particularly chal-
lenging since the high gas column densities absorb their emis-
sion below rest frame 10 keV, so that they might be largely
missed even in the deepest hard X-ray surveys available today.
Because of this limitation, only a few high-z highly obscured
(NH > 1023 cm�2) quasars have been targeted in CO millime-
tre studies (e.g. Aravena et al. 2008; Coppin et al. 2008, 2010;
Polletta et al. 2011).

The purpose of this work is to review our understanding of
the molecular gas emission in highly obscured QSO host galax-
ies. We present the Jansky Very Large Array (JVLA) and the
Plateau de Bure Interferometer (PdBI) observations of three ob-
scured QSOs at z ⇠ 2. We also take advantage of the available
information for z > 1 buried systems in the literature. We test
the aforementioned evolutionary scenario, i.e. whether these sys-
tems can be considered as the progenitors of optically luminous
QSOs, comparing their star formation e�ciencies (see Fig. 1).
We will also compare the cold gas reservoir of obscured AGN
with those of normal MS and SB galaxies with the same stellar
mass and redshift to unveil the presence of potential feedback
e↵ects.

The paper is organised as follows. In Section (§) 2 we present
the targets analysed in this work, discussing their properties
derived from available multiwavelength information and pre-
senting the PdBI and JVLA observations and data analysis. §3
presents the samples of normal and submillimetre galaxies, un-
obscured and obscured QSOs collected from the literature. In
§4 we show the SFE and gas fractions of the di↵erent classes
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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Fig. 3: Left panel: Observed correlation between measures of CO(1-0) luminosity, L0CO, and (8 � 1000µm) IR luminosity, LIR, for the samples
of normal galaxies, SMGs, and QSOs at z > 1. For the three obscured QSOs described in this paper, we report the 3� upper limits, as labelled.
Open symbols refer to main sequence galaxies and SMG, filled symbols refer to QSOs. Where column density measurements are available, scaled
star symbols indicate mild to high NH values, as labelled in the right panel inset. Olive green symbols are the galaxies from Sargent et al. (2014);
green symbols refer to SMGs from Bothwell et al. (2013), Coppin et al. (2008), and Silverman et al. (2015); red symbols refer to obscured targets.
Optically bright QSOs are represented with blue dots. The solid curve represents the best-fit relation derived by Sargent et al. (2014, 1� scatter
indicated with the grey area), for the MS galaxy sample they collected in the redshift range 0 < z . 3. Right panel: SFE vs. redshift for the
same sample. In this panel, we labelled the names of the four sources from the literature associated with CT QSOs. The solid curve shows the
2-SFM predicted evolutionary trend of MS galaxies of Mstar = 1011 M� (shaded area: illustration of the scatter around the mean evolutionary trend
for galaxies with SFR values 1� above/below the MS). The long-dashed curve is located at 10-fold higher SFE than the mean MS evolutionary
trend. Representative 1� errors on individual data points are shown in the bottom left corner of the plots. For the two CT QSOs SW022513 and
SW022550, Polletta et al. 2011 indicated a wide range for their IR luminosities (see Notes in Table C.2); these sources are therefore plotted in the
left panel at the centroid of the IR range, while horizontal dotted lines show the IR luminosity interval. In the right panel we similarly reported the
two sources at the centroid positions and indicated the SFE ranges with vertical dotted lines.

mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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mal galaxies, which follow the LIR�L0CO relation for MS galaxies
(solid line, as reported by Sargent et al. 2014), and the obscured
QSO population, whose sources are generally below the locus
of MS galaxies. In general, optically luminous QSOs are further
below the relation. From this plot we note that the majority of
SMGs in our sample follow the relation of MS sources.

The three obscured AGN presented in this paper are also
shown in the figure. Non-stringent upper limits on the CO lumi-
nosities are associated with BzK8608 and CDF1536; the upper
limit for BzK4892 is instead located well below the LIR�L0CO
relation for MS galaxies.

In Fig. 3 (right) we show the SFE as a function of redshift for
the same compilation of MS galaxies, SMGs, and AGN at z > 1.
Unobscured AGN show SFE in the range between 100 and 2000,
while MS galaxies (SMGs) have SFE . 100 (. 200). The figure
also shows the obscured AGN (red symbols) and the SMGs with
AGN activity (filled green symbols), with SFE in the range be-
tween ⇡ 100 and 1000. The figure shows no clear trend with
redshift for the SFE of individual classes of targets; consistent
the slow SFE-evolution at z > 1 already discussed in the Intro-
duction. In particular, it has been observed that the SFE of MS

observations are required to confirm its high obscuration (Marchesi et
al. 2016).
6 At the time of observations, the infrared luminosities of BzK8608
and CDF153 were overestimated by a factor of a few (as they were
derived on the basis of radio 1.4 GHz observations), and the required
depths in CO were settled assuming a SFE =100.

galaxies increases in the redshift range z ⇠ 0�1, and then flattens
at z > 1 (e.g. Sargent et al. 2014; Santini et al. 2014). This trend
has been confirmed up to z . 3; at higher redshifts, CO obser-
vations of normal MS galaxies are still scarce (e.g. Dessauges-
Zavadsky et al. 2017; Magdis et al. 2017), and the SFE evolution
is thus primarily constrained by continuum-based gas mass es-
timates (e.g. Schinnerer et al. 2016) which suggest merely slow
evolution also beyond z ⇠ 3. SFE measurements of more lu-
minous star-forming galaxies, i.e. starburst ULIRGs and SMGs
(with LIR > 1012 L�), have instead been derived for large sam-
ples of targets both at low-z and in the distant Universe (out to z
⇠ 6) and, similarly to MS galaxies, do not display a strong vari-
ation with redshift at z > 1 (e.g. Aravena et al. 2016; Feruglio
et al. 2014; Magdis et al. 2012; Sargent et al. 2014; Yang et al.
2017). Instead, the SFE evolution of unobscured AGN popula-
tions is not well known, with CO follow-up focusing mostly on
lensed targets at z ⇠ 2 � 3 and on very distant (z > 4) sources.
As unobscured AGN display a wider range of SFE values than
MS galaxies and SMGs, the available CO spectroscopy does not
reveal any clear trends of SFE with redshift for this class of ob-
jects.

In the figure we also show the expected average evolution-
ary trend of MS galaxies of Mstar = 1011 M� from the 2-SFM
(two-star formation mode) framework of Sargent et al. (2014).
The 2-SFM was introduced in Sargent et al. (2012), and takes
advantage of basic correlated observables (e.g. the MS relation
and its evolution with z; Speagle et al. 2014) to predict the SFE
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SFE and AGN obscuration

— there is a separation in SFE btw SFGs 
and QSOs (obscured & unobscured) 

  

This separation cannot be explained by 
biases in SFE derivations and redshift 
distributions 

— unobscured and obscured QSOs have 
similar high SFEs.   
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low gas fractions in dusty AGN
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Fig. 5: Left panel: Redshift evolution of the gas fraction fgas for our sample of dusty AGN. The targets are colour-coded according to the distance
from the main sequence of SFGs (see colour bar in the bottom right corner). For BzK8608 and CDF153 we also show (with open symbols) the
upper limits we would obtain by assuming ↵CO = 0.8 instead of 3.6 (see §2.2). The predicted evolutionary trend of MS galaxies of Mstar = 1011 M�
from the 2-SFM model is shown with a solid curve (shaded area: 1� scatter around average evolutionary trend line). We also show the predicted
trends for MS galaxies of Mstar = 2 ⇥ 1010 M� and Mstar = 5 ⇥ 1011, as labelled in the figure. The error bar in the bottom left corner of the plot
shows the representative 1� error for the data points (we assume a 0.2 dex uncertainty for Mstar estimates; see Table C.2). Right panel: Redshift
evolution of the normalised gas fraction µgas for our sample of dusty AGN. The predicted evolutionary trend of ‘gas depleted’ MS galaxies of
Mstar = 1011 M� is shown with the black curve (the shaded area indicates 1� scatter around the average trend). This trend has been obtained in the
framework of the 2-SFM model (Sargent et al. 2014) by considering the depletion of gas due to AGN-driven outflows (Mout = 5 ⇥ 1010 M�). We
also display the predicted trends for Mout = 1010 and 1011 M�. The blue symbols refer instead to the predicted µgas of high-z unobscured QSOs
from Valiante et al. (2014). The star symbols are associated with X-ray detected AGN and are identical to those used in Fig. 3. Essentially all
obscured AGN hosts show a gas fraction deficit compared to normal galaxies, with CT QSOs (large star symbols) displaying some of the strongest
deficits.

In Fig. 5 we colour-coded the sources according to their dis-
tance from the MS (from ⇠ 1 dex below to +1.2 dex above the
sequence; see accompanying colour bar). Most galaxies in our
SFGs sample and dusty AGN lie on the MS, with the latter pop-
ulation showing slightly higher MS o↵sets sSFR/sSFRMS (see
Fig. C.1).

In the figure the gas fractions are compared with the expected
average evolutionary trend of MS galaxies of Mstar = 1011 M�
from the 2-SFM framework of Sargent et al. (2014). The 2-
SFM trend reproduces well the behaviour of massive (Mstar ⇡
1010 � 1011 M�) MS galaxies (e.g. Schinnerer et al. 2016) and,
in this mass range, is also consistent with other gas fraction evo-
lutionary trends in the literature (e.g. Dessauges-Zavadsky et al.
2017; Genzel et al. 2015; Tacconi et al. 2018).

It is still debated whether SBs are expected to have gas frac-
tions that are similar to (e.g. Sargent et al. 2014) or higher than
those of MS galaxies (e.g. Genzel et al. 2015; Tacconi et al.
2018). Nevertheless, the 2-SFM trend reproduces well the dis-
tribution of the SFGs presented in this work. These targets are
not reported in the figure in order not to overpopulate the plot.

Figure 5 (right) also shows that our dusty AGN are prefer-
entially located below the gas fraction relation expected for MS
galaxies. Moreover, many of the AGN data points that currently

these sources unreliable. An alternative approach is to infer Mstar via a
dynamical mass based on molecular line observations, using the rela-
tion Mstar ⇡Mdyn�Mgas (e.g. Venemans et al. 2017; Wang et al. 2010).
However, these measurements are a↵ected by very large uncertainties.

lie on top or above the 2-SFM trend are upper limits. This find-
ing is in line with the idea that dusty AGN are associated with
the feedback phase, where the molecular gas content has been
depleted by powerful outflows.

Recent cosmological simulations (e.g. Costa et al. 2018) and
observations (Brusa et al. 2018; Fiore et al. 2017) both suggest
that AGN-driven outflows can have mass outflow rates of the
order of 102 � 104 M�/yr and that the typical timescales associ-
ated with AGN winds are of the order of ⇠ 10 Myr (e.g. Barai
et al. 2018, Costa et al. 2018, Fiore et al. 2017, Hopkins et al.
2005, Hopkins et al. 2016, Perna et al. 2015a and Valiante et al.
2014 for both observational and theoretical arguments). There is
also evidence that ejected material is multiphase and predom-
inantly composed of cool gas (e.g. Costa et al. 2018, Zubo-
vas & King 2014; see also Brusa et al. 2018 and Fiore et al.
2017). Cosmological simulations show that the outflow masses
can reach ⇡ (5� 80)⇥ 109 M� during the feedback phase (Costa
et al. 2018 and references therein). Interestingly, this estimate is
also consistent with observational findings: an outflow mass of
1010 M� can be derived assuming a typical outflow mass rate of
Ṁout ⇡ 103M�/yr and an outflow timescale of 10 Myr.

We consider all these arguments to derive some predictions
for the gas fraction of dusty AGN associated with Mstar = 1011

M� host galaxies. If we assume that dusty AGN are caught 10
Myr after the initial outflow, their gas reservoirs would be de-
pleted by ⇡ 5 ⇥ 1010 M�; moreover, during this time a given
amount of gas is converted into stars, so that Mgas(t = 10 Myr) =
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Gas fraction estimates for dusty AGN with known Mstar 
(mostly from SED; see Table C.2 in MP+18)

expected gas fraction for MS galaxies 
for given Mstar (Sargent+14; see also 
e.g. Dessauges-Zavadski+17,Tacconi+18)  

(SMGs should have similar or higher 
fgas; Sargent+14, Tacconi+18) 

— obscured AGN are preferentially 
located below the relation expected for MS 
galaxies.  

— CT AGN (star symbols) have fgas < 0.2 
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low gas fractions in dusty AGN

Evidence of outflow in SW targets (Polletta+08), 
GMASS953 (Talia+18), XID2028 (Brusa+18); 
J0302 is a merging system with complex kinematics (see 
refs. in MP+18)

— obscured AGN are preferentially 
located below the relation expected for 
MS galaxies.  

— CT QSOs and merging systems are 
associated w/ very low µgas 

J0302

SFGs
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Gas fraction estimates for dusty AGN with known Mstar 
(mostly from SED; see Table C.2 in MP+18)

outflows?



Feedback effects in the early phases 
of the SB-QSO sequence

[O III] (        )  &  Na ID (      ) :

high-v receding gas

high-v approaching gas

galaxy

dust lane 

NLR

SMBH

~10 ‘’, 8 kpc

tidal tailMaNGA data-cube analysis revealed  
multi-phase ( atomic + ionised ) outflows driven  

by AGN activity in both galaxies (MP, Cresci +18, subm. to A&A). 

See also e.g. Feruglio+13,15, Rupke & Veilleux 13,15, Saito+17 

Mkn 848
Merging system at z ~ 0.04
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Feedback effects in the early phases 
of the SB-QSO sequence

A1

A2

A3

A4

Cheshire Cat 
lensed system at z ~ 2.2

[OIII]5007 

LBT/ARGOS observations with curved-slits  
reveal the presence of ionised outflows in a lensed 

merging system at z ~ 2 (MP, Curti +18). 

See also e.g. Vayner+17,  Banerji+17, Harrison+12 

AGN13 — 9-12 Oct. 2018, Milano



Conclusions
— dusty AGN are associated with SFEs very similar to those of unobscured QSOs, and higher than those 
of SMGs 

— the high SFE in dusty AGN is reasonably due to depleted cold gas reservoirs (low gas fractions) rather 
than significant SFR variations 

Possible interpretation: 

The high SFE and low gas fractions of dusty AGN could be due to multi-phase outflows. 

— SFE and molecular dust reservoirs of CT AGN are significantly different from those of SFGs 

— CT AGN may behave more similarly to unobscured QSOs than to SMGs. 

Possible interpretations: 

1) Powerful outflows can strongly deplete the cold gas reservoirs already from the early 
phases of the SB-QSO sequence.  
2) Similar SFE in obscured and unobscured AGN could not imply a temporal sequence 
for the two samples

SFE ~ 40 - 200

µgas ~ 1

~ 400 - 1000

(???)

~ 200 - 1000

~ 0.8 - 0.08

SMGs CT & dusty AGN unobscured AGN
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Fig. 4: First three panels: Cumulative distributions of SFE for the samples of star forming galaxies (green line), unobscured (blue) and dusty
(red) QSOs in the three redshift intervals specified along the upper edge of the figures. All targets collected from the literature (for which SFE
measurements can be derived) are used to construct the cumulative distributions; in the first panel, we do not report the cumulative distribution
of unobscured AGN (our sample only includes two of these objects at 1  z  2). The figures show the clear separation in SFE between AGN
and SFGs. Right panel: Cumulative distribution of SFE for the same three samples, considering the entire redshift range covered by our targets.
Short-dashed red line: cumulative SFE distribution of dusty AGN obtained by reducing by 60% all their IR luminosities to test for the impact of
cool, AGN-heated dust (e.g. Duras et al. 2017; see §4.1.2 for details). Long-dashed red line: distribution of dusty AGN for which a high-quality
LIR has been measured through an SED-decomposition into AGN and galaxy emission.

(and molecular gas content; see §4.2) of MS galaxies at di↵erent
redshifts. We used a CO-to-gas conversion factor ↵CO = 3.6 (e.g.
Daddi et al. 2010) and the LIR�SFR relation of Kennicutt (1998)
to adapt Eq. 22 from Sargent et al. (2014) to our empirical def-
inition of SFE. We also considered the redshift evolution of the
MS relation derived by Speagle et al. (2014). The weak 2-SFM
trend further emphasises that the redshift evolution of the SFR
(and of the SFE) of MS galaxies is not responsible for the het-
erogenous distributions shown in Fig. 3 (right) for our di↵erent
target populations.

On the other hand, SFE > 100 values can be easily explained
by assuming the presence of starburst activity, i.e. considering
SFR higher than for MS galaxies (hence, enhancing LIR), or by
invoking feedback phenomena which depleted the cold gas reser-
voirs (hence, reducing L0CO). As an example, we reported in the
figure the predicted trend obtained by assuming a SFR (L0CO) a
factor of 10 higher (lower) than a typical MS galaxy.

4.1.1. SFE-contrast between star-forming galaxies and AGN

As already noted by several authors, according to the SB-QSO
evolutionary scenario, when an obscured QSO is detected at
submm/mm wavelengths, then it could be in the transition phase
from SMG to an unobscured QSO (e.g. Coppin et al. 2008). The
high SFE values reported in Fig. 3 for these sources are con-
sistent with this scenario. In order to better visualize this result,
we report in Fig. 4 the cumulative distributions of SFE for three
di↵erent subset of our sample: (1) the MS and sub-millimetre
galaxies without evidence of AGN, combined into a single sam-
ple (“SFG sample” hereafter), as MS and SMGs are associated
with similar SFE (see Fig. 3); (2) the SMGs with AGN activity
(from Bothwell et al. 2013; Coppin et al. 2008) and the obscured
AGN (hereinafter referred to as “dusty AGN” for simplicity);
(3) the optically luminous AGN. We also divided the sources
into three redshift intervals, 1 < z < 2, 2 < z < 3 and z > 3,
to test the presence of a possible redshift evolution in the prop-
erties of AGN targets. The cumulative distributions reported in
Fig. 4 highlight the stark di↵erences between star forming sys-
tems and unobscured AGN, with SFE > 200 values for the large
majority (⇠ 80%) of luminous AGN and only for a small fraction

(⇠ 20%) of star forming galaxies. Instead, the SFE distribution
of the population of dusty AGN is similar to that of unobscured
AGN.

In order to quantitatively compare the three subsamples, we
use the Kolmogorov-Smirnov test (KS test; Press et al. 1992).
The non-parametric KS test measures the probability that two
dataset are drawn from the same parent population (“null hy-
pothesis”). The KS statistic for the three redshift intervals is
D ⇡ 0.6, which corresponds to a null hypothesis probability re-
jected at level ⇠ 90 ÷ 99.8%, for both the comparisons between
the SFE of SFGs and unobscured AGN and between SFGs and
dusty AGN7. Overall, therefore, the KS tests thus confirm the
di↵erence between star-forming systems and AGN. Instead, un-
obscured and dusty AGN may be associated with the same par-
ent population (D ⇡ 0.4, with a null hypothesis rejected at level
⇠ 75%), at least at z> 2 where we have enough unobscured AGN
to perform a statistical test.

The SFGs cumulative distributions show a clear evolution
with redshift; this can be due to both the slow SFE evolution
highlighted in Fig. 3 and to an observational bias (at higher
redshifts the sample is dominated by SMGs rather than normal
galaxies).

The medians of the SFG cumulative distributions evolve
from ⇠ 80 to ⇠ 130 between the first and last redshift bin shown
in Fig. 4. This is the joint e↵ect of (a) the slow SFE evolution
of MS galaxies (see Fig. 3 and associated discussion in the text),
and (b) an observational bias towards moderately high-SFE star-
burst SMGs (which represent a higher fraction of our SFG sam-
ple relative to MS galaxies at the highest redshifts). Our mea-
surement of the significance of the SFE-gap between the AGN
and SFG populations is thus a conservative estimate, as it would
widen further if - at the highest redshift - our SFG sample con-
tained similar fractions MS and SB galaxies as at z 1. Dusty and

7 Lower limit values are not included in the distributions of dusty
AGN and unobscured QSOs. The inclusion of these sources, represent-
ing ⇠ 20% of the samples of dusty AGN and unobscured QSOs, would
further increase the SFE-constrast between SFGs and AGN. KS test re-
sults are obtained employing the so-called FR/RSS method (Peterson
et al. 1998); the values reported in the text correspond to the average
results from 100 iterations.
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for SMGs and dusty AGN targets, and are used to derive the gas
fractions shown in Fig. 5.

The SMG/QSO sources presented in Coppin et al. (2008)
and Bothwell et al. (2013) have been included in the obscured
(“dusty”) AGN sample table (see §4.1). The dusty AGN are char-
acterised by red spectra/colors (e.g. Banerji et al. 2017; Brusa et
al. 2018; Coppin et al. 2008; Fan et al. 2018; Kakkad et al. 2017;
Yan et al. 2010) and/or high column densities (e.g. Bothwell et
al. 2013; Gilli et al. 2014; Polletta et al. 2011; Stefan et al. 2015;
Vayner et al. 2017).

All the non-lensed luminous AGN are characterised by
bright UV emission (with rest-frame absolute magnitude at
1450Å of M1450 < �25; Bañados et al. 2016; Priddey & McMa-
hon 2001), while lensed galaxies are all associated with negli-
gible obscuration (E(B-V) . 0.112) and the presence of BLR
emission lines in their rest-frame UV spectra (e.g. Anguita et al.
2008; Mazzucchelli et al. 2017; Sharon et al. 2016; Shields et al.
2006; Wang et al. 2013). The sample of unobscured AGN do not
include the bright sources for which the IR luminosities are not
available (e.g. Carniani et al. 2017).

We want to note that only a few optically bright QSOs have
been studied through their X-ray emission and that their char-
acterisation requires long-exposure observations. Therefore, we
cannot confidently exclude the presence of nuclear obscuration
in the individual targets reported in Table C.3. We note however
that there are several indications pointing to the fact that the pop-
ulation of optically luminous QSOs are associated with X-ray
spectra characterised by low column densities (NH . 1022 cm�2;
Nanni et al. 2017; Shemmer et al. 2006; Vignali et al. 2005).
Therefore, we can be reasonably confident about the separation
between the dusty and unobscured QSO populations presented
in this work.

In Fig. C.1 we report the distribution of the stellar masses of
star forming galaxies and dusty AGN; these sources are associ-
ated with massive host galaxies, with an average hMstari = 1011

M�. In Fig. C.1 (bottom panel) we also report the distribution of
specific star formation ratio sSFR/sSFRMS (according to the re-
lation of Speagle et al. 2014) for the same sources, showing that
the majority of SFGs and dusty AGN collected in this work are
associated with MS galaxies, with the latter population showing
slighly higher MS-o↵sets sSFR/sSFRMS .

12 https://www.cfa.harvard.edu/castles/

Fig. C.1: Top panel: Stellar mass distribution for sample collected in
this work. Blue- and red-shaded histograms refer to the samples of SFGs
(i.e. MS and SMGs) and dusty AGN. Bottom panel: specific star forma-
tion rate sSFR/sSFRMS distributions for the same samples in the top
panel. The sSFRMS is derived according to the relation of Speagle et al.
(2014). In the figure, we also show the separation between normal MS
galaxies and SBs at log(sSFR/sSFRMS )= 0.6.
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for SMGs and dusty AGN targets, and are used to derive the gas
fractions shown in Fig. 5.
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and Bothwell et al. (2013) have been included in the obscured
(“dusty”) AGN sample table (see §4.1). The dusty AGN are char-
acterised by red spectra/colors (e.g. Banerji et al. 2017; Brusa et
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Fig. C.1: Top panel: Stellar mass distribution for sample collected in
this work. Blue- and red-shaded histograms refer to the samples of SFGs
(i.e. MS and SMGs) and dusty AGN. Bottom panel: specific star forma-
tion rate sSFR/sSFRMS distributions for the same samples in the top
panel. The sSFRMS is derived according to the relation of Speagle et al.
(2014). In the figure, we also show the separation between normal MS
galaxies and SBs at log(sSFR/sSFRMS )= 0.6.
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Table C.2: obscured QSO sample

target RA & DEC (J2000) z Jup rJup ,1 L0CO Mgas log(Mstar) log(LIR) ref NH log(LX ) ref.
(1010 K km/s pc2) (1010 M�) (M�) (L�) (1022 cm�2) erg/s

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
ULASJ0123 01:23:12 +15:25:22 2.629 3 0.8 6.8 ± 0.3 5.4 ± 0.2� 13.24 ± 0.07 Ba17
W0149+2350 01:49:46 +23:50:14 3.228 4 0.87 2.24 ± 0.52 1.8 ± 0.4� 13.25 ± 0.05 F18 – < 45.66 Vi17
MRC0152-209 01:54:55 �20:40:26 1.921 1 1.0 6.78 ± 0.82 5.44 ± 0.66� 11.76 13.26 E14
W0220+0137 02:20:52 +01:37:11 3.122 4 0.87 3.15 ± 0.66 2.52 ± 0.53� 13.54 ± 0.07 F18 28.2 ± 0.9 44.49 ± 0.28 Vi17
SMMJ030227 03:02:27 +00:06:52 1.406 2 0.84 1.24 ± 1.44 1.24 ± 1.442 11.6 12.7 Bo13
no.226 03:32:16 �27:49:00 1.413 2 0.8 0.67 ± 0.24 2.4 ± 0.9? 10.9 12.22 K17 1.7 41.71 Lu17
no.682 03:32:59 �27:45:22 1.155 2 0.8 < 0.84 < 3.02? 10.6 11.92 K17 < 1 42.43 Lu17
W0410-0913 04:10:10 �09:13:05 3.592 4 0.87 16.28 ± 1.44 13.1 ± 1.15� 13.72 ± 0.03 F18 – < 46.08 V17
X2522 09:57:28 +02:25:42 1.532 2 0.8 < 1.67 < 6.00? 11.3 12.5 K17 < 0.8 45.03 M16
X5308 09:59:22 +01:36:18 1.285 2 0.8 < 1.06 < 3.82? 11.0 12.02 K17 < 2 44.28 M16
C1148 10:00:04 +02:13:07 1.563 2 0.8 < 1.66 < 5.98? 11.1 12.2 K17 > 2.7 44.42 M16
COSMOS22995 10:00:17 +02:24:52 2.469 1 1.0 < 1.3 < 1.32 11.08 12.3 Sp16 33 ± 17 43.91 Br14
COSB011 10:00:38 +02:08:22 1.827 sled – 5.89 ± 1.16 4.71 ± 0.93� 13.13 A08 1 � 10 44.02 A08
C152 10:00:39 +02:37:19 1.188 2 0.8 < 0.53 < 1.91? 10.4 11.52 K17 < 2.6 43.9 M16
C92 10:01:09 +02:22:55 1.581 2 0.8 2.64 ± 0.25 9.5 ± 0.9? 11.2 12.8 K17 3.5+1.8

�1.5 43.73 M16
C103 10:01:10 +02:27:17 1.433 2 0.8 < 0.66 < 2.38? 10.7 11.82 K17 < 1.6 44.15 M16
C1591 10:01:43 +02:33:31 1.238 2 0.8 1.67 ± 0.4 6.0 ± 1.4? 11.3 12.62 K17 26.4+15

�9.2 44.25 M16
C488 10:01:47 +02:02:37 1.171 2 0.8 < 0.42 < 1.51? 10.3 11.62 K17 4.3+2.0

�3.1 44.25 M16
XID2028 10:02:11 +01:37:06 1.592 sled – 1.43 ± 0.63 1.14 ± 0.50� 11.65 ± 0.35 12.47+0.01

�0.05 B18 0.7 ± 0.02 45.32 P15
HS1002 10:05:17 +43:46:09 2.102 1 1.0 11.9 ± 3.4 9.5 ± 2.7� 13.08 ± 0.08 C08,S16
SDSS J1148+5251 11:48:16 +52:51:50 6.418 2 1.0 3.2 ± 0.3 2.6 ± 0.2� 13.16 St15 20+20

�15 45.18 ± 0.12 G17
RXJ121803 12:18:04 +47:08:51 1.742 2 1.0 < 2.47 < 1.97� 12.8 ± 0.4 C08 2+0.6

�1.0 S05
ULASJ1234 12:34:27 +09:07:54 2.503 3 0.8 4.4 ± 0.8 3.5 ± 0.6� 13.24 ± 0.12 Ba17 0.89 ± 0.09 45.13 Ba14
SMMJ123606 12:36:06 +62:10:24 2.505 3 0.52 2.86 ± 0.82 2.86 ± 0.822 10.3 12.81 Bo13 81+97

�42 43.52 L10
SMMJ123618 12:36:18 +62:15:51 1.996 4 0.41 4.6 ± 0.6 4.6 ± 0.62 10.7 12.9 Bo13 < 7.4 L10
SMMJ123707 12:37:07 +62:14:08 2.487 3 0.52 6.53 ± 1.53 6.53 ± 1.532 10.8 12.59 Bo13 32.6+15.2

13.8 43.50 L10
SMMJ123711 12:37:11 +62:13:31 1.995 3 0.52 8.2 ± 1.7 8.2 ± 1.72 11.5 12.83 Bo13 67.1+41.8

�23.2 43.36 L10
SMMJ1237 12:37:16 +62:03:23 2.057 3 1.0 < 0.62 < 0.5� 12.71 ± 0.4 C08 0.17 44.02 Y09
RXJ1249 12:49:13 �05:59:19 2.240 1 1.0 5.1 ± 1.2 4.1 ± 1.0� 12.84 ± 0.08 C08,S16 0.76+0.36

�0.32 44.92 S10
SMMJ1312 13:12:22 +42:38:13 2.554 3 1.0 1.2 ± 0.4 1.0 ± 0.3� 12.5 ± 0.4 C08 < 1.26 44.6 Bo14
VCV J140955 14:09:55 +56:28:27 2.576 1 1.0 8.6 ± 2.3 6.9 ± 1.8� 13.31 ± 0.02 C08,S16
3C 298 14:19:08 +06:28:35 1.438 3 0.97 1.15 ± 0.11 0.92 ± 0.09� 12.75 ± 0.01 Va17 21.4 ± 0.2 46.12 S08
ULASJ1539 15:39:10 +05:57:50 2.658 3 1.0 5.46 ± 0.94 4.36 ± 0.75� 10.9 ± 0.27 12.82 F14 4 ± 2 45.12 M17
J154359 15:43:59 +53:59:03 2.369 1 1.0 2.9 ± 0.7 2.3 ± 0.6� 12.86 ± 0.10 C08,S16 2 45.46 Y09
HS1611 16:12:39 +47:11:57 2.403 3 1.0 5.2 ± 0.8 4.2 ± 0.6� 13.1 ± 0.4 C08
SMMJ163650 16:36:50 +40:57:34 2.383 3 0.52 11.4 ± 0.7 11.4 ± 0.72 11.0 13.24 Bo13
MMJ163655 16:36:55 +40:59:10 2.607 3 1.0 < 0.8 < 0.6� 12.8 ± 0.4 C08 32 ± 6 44.89 M03
SMMJ163706 16:37:06 +40:53:15 2.377 3 0.52 3.8 ± 0.7 3.8 ± 0.72 11.1 12.76 Bo13
J164914 16:49:14 +53:03:16 2.270 3 1.0 < 2.2 < 1.8� 12.9 ± 0.4 C08 < 0.79 45.51
MIPS8342 17:14:11 +60:11:09 1.562 2 1.0 2.32 ± 0.25 1.86 ± 0.20� 12.56 Y10 – < 43.45 B10
MIPS8196 17:15:10 +60:09:54 2.586 3 1.0 < 1.70 < 1.36� 13.0 Y10 – < 43.78 B10
MIPS8327 17:15:35 +60:28:25 2.441 3 1.0 1.31 ± 0.21 1.04 ± 0.17� 12.84 Y10
MIPS429 17:16:11 +59:12:13 2.213 3 1.0 2.97 ± 0.50 2.38 ± 0.40� 12.73 Y10
AMS12 17:18:22 +59:01:54 2.767 3 1.0 4.4 ± 0.4 3.5 ± 0.3� 11.48 ± 0.04 13.52 ± 0.10 S12
MIPS16080 17:18:44 +60:01:16 2.007 3 1.0 2.08 ± 0.37 1.66 ± 0.30� 12.72 Y10 – < 43.7 B10
MIPS15949 17:21:09 +60:15:01 2.122 3 1.0 2.79 ± 0.29 2.23 ± 0.23� 12.91 Y10
MIPS16059 17:24:28 +60:15:33 2.326 3 1.0 1.80 ± 0.55 1.44 ± 0.43� 12.88 Y10
VHSJ2101 21:01:19 �59:43:44 2.313 3 0.8 1.78 ± 0.11 1.44 ± 0.09� 12.93 ± 0.15 Ba17
ULASJ2315 23:15:56 +01:43:50 2.560 3 0.8 4.31 ± 0.21 3.44 ± 0.16� 13.61 ± 0.03 Ba17 0.71 ± 0.44 45.52 M17

Compton Thick QSOs
SW022513 02:25:13 �04:39:19 3.427 4 1.0 8.4 ± 1.2 6.72 ± 0.96� 11.3-11.6 12.5-13.3 P11 & 100 44.78 P11
SW022550 02:25:50 �04:21:49 3.867 4 1.0 5.8 ± 1.0 4.64 ± 0.80� 11.2-11.9 12.5-13.2 P11 & 100 < 45.5 P11
XID403 03:32:29 �27:56:19 4.762 2 1.0 2.0 ± 0.4 1.6 ± 0.3� 10.8 ± 0.22 12.78 ± 0.07 G14 140 ± 70 44.40 G14
GMASS953 03:32:31 �27:46:23 2.225 3 0.1 2.1 ± 0.2 1.7 ± 0.1� 11.3 ± 0.1 12.33 ± 0.04 Po17 340+370

�150 43.61 DM
Column (1): target name; Column (2): coordinates; Column (3): redshift; Column (4): Jup refers to the upper level of the (Jup ! Jup�1) CO transition; Column (5): the excitation correction
defined as rJup ,1 = CO(Jup ! Jup � 1)/CO(1 ! 0); Column (6): CO(1-0) luminosity; Column (7): gas mass; Column (8): stellar mass; Column (9): 8-1000µm IR luminosity; Column
(10): reference for the paper from which we derived CO and far-IR measurements, as well as assumed excitation correction and ↵CO conversion factors. Column (11) and (12): column
density and 2-10 keV rest-frame absorption-corrected luminosities derived from X-ray spectroscopic analysis (see below). Column (13): reference for the paper from which we derived
X-ray properties.
References:

Aravena et al. (2008, A08); Banerji et al. (2017, Ba17); Banerji et al. (2014, Ba14); Bauer et al. (2010, B10); Bothwell et al. (2013, Bo13); Bongiorno et al. (2014, Bo14); Brightman et al.
(2014, Br14); Brusa et al. (2018, B18); Coppin et al. (2008, C08); Coppin et al. (2010, C10); Della Mura et al. (in prep, DM); Emonts et al. (2014, E14); Fan et al. (2018, F18); Feruglio et
al. (2014, F14); Gallerani et al. (2017, G17); Gilli et al. (2014, G14); Kakkad et al. (2017, K17:); Laird et al. (2010, L10); Luo et al. (2017, Lu17); Marchesi et al. (2016, M16); Martocchia
et al. (2017, M17); Perna et al. (2015a, P15); Polletta et al. (2011, P11); Popping et al. (2017, Po17); Siemiginowska et al. (2008, S08); Schumacher et al. (2012, S12); Sharon et al. (2016,
S16); Spilker et al. (2016, Sp16); Stefan et al. (2015, St15); Stevens et al. (2005, S05); Streblyanska et al. (2010, S10); Talia et al. (2018, T18);Vayner et al. (2017, Va17); Vito et al. (2017,
Vi17); Yan et al. (2010, Y10); Young et al. (2009, Y09)

Notes:

Molecular gas:
For each target we report the upper level of the CO transition, Jup, and the excitation correction, rJup ,1 (see Notes in Table C.1). For COSB011 and XID2028, the CO(1-0) luminosity
has been derived extrapolating the ground-state transition flux from the QSOs SLEDs. We also indicate the luminosity-to-gas-mass conversion factors used to derive the gas mass in the
di↵erent papers, as it follows:
?: ↵CO = 3.6;
2: ↵CO = 1.0;
�: ↵CO = 0.8

The sample of dusty AGN comprises a large number of sources associated with evidence of multi-phase outflows: broad and shifted components in the [O III] emission lines
(e.g. Coppin et al. 2008; Perna et al. 2015a; Polletta et al. 2011) as well as in molecular CO lines (e.g. Banerji et al. 2017; Brusa et al. 2018; Fan et al. 2018; Stefan et al. 2015)
are usually found in these targets. For a small number of sources, there are also indications of ongoing mergers (W0149+2350, SMMJ030227, 3C 298). For these sources, charac-
terised by complex CO line profiles, we reported in the Table (and in the figures) the total molecular luminosities and masses obtained integrating over all the di↵erent kinematic components.

Continued on the following page.
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Fig. 5: Left panel: Redshift evolution of the gas fraction fgas for our sample of dusty AGN. The targets are colour-coded according to the distance
from the main sequence of SFGs (see colour bar in the bottom right corner). For BzK8608 and CDF153 we also show (with open symbols) the
upper limits we would obtain by assuming ↵CO = 0.8 instead of 3.6 (see §2.2). The predicted evolutionary trend of MS galaxies of Mstar = 1011 M�
from the 2-SFM model is shown with a solid curve (shaded area: 1� scatter around average evolutionary trend line). We also show the predicted
trends for MS galaxies of Mstar = 2 ⇥ 1010 M� and Mstar = 5 ⇥ 1011, as labelled in the figure. The error bar in the bottom left corner of the plot
shows the representative 1� error for the data points (we assume a 0.2 dex uncertainty for Mstar estimates; see Table C.2). Right panel: Redshift
evolution of the normalised gas fraction µgas for our sample of dusty AGN. The predicted evolutionary trend of ‘gas depleted’ MS galaxies of
Mstar = 1011 M� is shown with the black curve (the shaded area indicates 1� scatter around the average trend). This trend has been obtained in the
framework of the 2-SFM model (Sargent et al. 2014) by considering the depletion of gas due to AGN-driven outflows (Mout = 5 ⇥ 1010 M�). We
also display the predicted trends for Mout = 1010 and 1011 M�. The blue symbols refer instead to the predicted µgas of high-z unobscured QSOs
from Valiante et al. (2014). The star symbols are associated with X-ray detected AGN and are identical to those used in Fig. 3. Essentially all
obscured AGN hosts show a gas fraction deficit compared to normal galaxies, with CT QSOs (large star symbols) displaying some of the strongest
deficits.

In Fig. 5 we colour-coded the sources according to their dis-
tance from the MS (from ⇠ 1 dex below to +1.2 dex above the
sequence; see accompanying colour bar). Most galaxies in our
SFGs sample and dusty AGN lie on the MS, with the latter pop-
ulation showing slightly higher MS o↵sets sSFR/sSFRMS (see
Fig. C.1).

In the figure the gas fractions are compared with the expected
average evolutionary trend of MS galaxies of Mstar = 1011 M�
from the 2-SFM framework of Sargent et al. (2014). The 2-
SFM trend reproduces well the behaviour of massive (Mstar ⇡
1010 � 1011 M�) MS galaxies (e.g. Schinnerer et al. 2016) and,
in this mass range, is also consistent with other gas fraction evo-
lutionary trends in the literature (e.g. Dessauges-Zavadsky et al.
2017; Genzel et al. 2015; Tacconi et al. 2018).

It is still debated whether SBs are expected to have gas frac-
tions that are similar to (e.g. Sargent et al. 2014) or higher than
those of MS galaxies (e.g. Genzel et al. 2015; Tacconi et al.
2018). Nevertheless, the 2-SFM trend reproduces well the dis-
tribution of the SFGs presented in this work. These targets are
not reported in the figure in order not to overpopulate the plot.

Figure 5 (right) also shows that our dusty AGN are prefer-
entially located below the gas fraction relation expected for MS
galaxies. Moreover, many of the AGN data points that currently

these sources unreliable. An alternative approach is to infer Mstar via a
dynamical mass based on molecular line observations, using the rela-
tion Mstar ⇡Mdyn�Mgas (e.g. Venemans et al. 2017; Wang et al. 2010).
However, these measurements are a↵ected by very large uncertainties.

lie on top or above the 2-SFM trend are upper limits. This find-
ing is in line with the idea that dusty AGN are associated with
the feedback phase, where the molecular gas content has been
depleted by powerful outflows.

Recent cosmological simulations (e.g. Costa et al. 2018) and
observations (Brusa et al. 2018; Fiore et al. 2017) both suggest
that AGN-driven outflows can have mass outflow rates of the
order of 102 � 104 M�/yr and that the typical timescales associ-
ated with AGN winds are of the order of ⇠ 10 Myr (e.g. Barai
et al. 2018, Costa et al. 2018, Fiore et al. 2017, Hopkins et al.
2005, Hopkins et al. 2016, Perna et al. 2015a and Valiante et al.
2014 for both observational and theoretical arguments). There is
also evidence that ejected material is multiphase and predom-
inantly composed of cool gas (e.g. Costa et al. 2018, Zubo-
vas & King 2014; see also Brusa et al. 2018 and Fiore et al.
2017). Cosmological simulations show that the outflow masses
can reach ⇡ (5� 80)⇥ 109 M� during the feedback phase (Costa
et al. 2018 and references therein). Interestingly, this estimate is
also consistent with observational findings: an outflow mass of
1010 M� can be derived assuming a typical outflow mass rate of
Ṁout ⇡ 103M�/yr and an outflow timescale of 10 Myr.

We consider all these arguments to derive some predictions
for the gas fraction of dusty AGN associated with Mstar = 1011

M� host galaxies. If we assume that dusty AGN are caught 10
Myr after the initial outflow, their gas reservoirs would be de-
pleted by ⇡ 5 ⇥ 1010 M�; moreover, during this time a given
amount of gas is converted into stars, so that Mgas(t = 10 Myr) =
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expected µgas for a dusty AGN in the 
blow-out phase with 

Mout = 5x1010 Msun/yr and  
Δtout = 10 Myr  
(see e.g. Costa+18, Barai+18, 
Perna+15a, Fiore+17)

.

Evidence of outflow in SW targets (Polletta+08), 
GMASS953 (Talia+18), XID2028 (Brusa+18); 
J0302 is a merging system with complex kinematics (see 
refs. in MP+18)

— obscured AGN are preferentially 
located below the relation expected for 
MS galaxies.  

— CT QSOs and merging systems are 
associated w/ very low µgas 


