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ABSTRACT

We present single-dish 12CO(1− 0) and 12CO(2− 1) observations for 14 low-redshift quasi-stellar objects
(QSOs). In combination with optical integral field spectroscopy we study how the cold gas content relates
to the star formation rate (SFR) and black hole accretion rate. 12CO(1 − 0) is detected in 8 of 14 targets
and 12CO(2− 1) is detected in 7 out of 11 cases. The majority of disc-dominated QSOs reveal gas fractions
and depletion times well matching normal star forming systems. Two gas-rich major mergers show clear
starburst signatures with higher than average gas fractions and shorter depletion times. Bulge-dominated
QSO hosts are mainly undetected in 12CO(1−0) which corresponds, on average, to lower gas fractions than
in disc-dominated counterparts. Their SFRs however imply shorter than average depletion times and higher
star formation efficiencies. Negative QSO feedback through removal of cold gas seems to play a negligible
role in our sample. We find a trend between black hole accretion rate and total molecular gas content for
disc-dominated QSOs when combined with literature samples. We interpret this as an upper envelope for
the nuclear activity and is well represented by a scaling relation between the total and circum-nuclear gas
reservoir accessible for accretion. Bulge-dominated QSOs significantly differ from that scaling relation and
appear uncorrelated with the total molecular gas content. This could be explained either by a more compact
gas reservoir, blow out of the gas envelope through outflows, or a different ISM phase composition.

Key words: Galaxies: active - quasars: emission-lines - Galaxies: ISM - Galaxies: star for-
mation

1 INTRODUCTION

Luminous active galactic nuclei (AGN) are thought to influence
the evolution of their host galaxies by destroying, heating or re-
moving the gas from which stars are being formed. AGN feed-
back is an essential ingredient nowadays for the vast majority of
semi-analytical models and numerical simulations to explain the
luminosity function and colors of massive galaxies > 1010M⊙

(see Somerville & Davé 2015, for a review). The mechanical en-
ergy of powerful radio jets released by an AGN has been shown to
significantly heat the hot gas in galaxy clusters or groups to pre-
vent gas cooling and hence star formation in the central galaxy (see
Fabian 2012, for a review). However, this so-called ”radio-mode”
feedback or ”maintenance mode” usually prevents star formation
in sufficiently dense environments in which star formation already
ceased. To actively suppress star formation for the majority of mas-
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sive galaxies may require the so-called ”Quasar-mode” feedback
where the AGN luminosity is thought to expel or heat the cold gas
from the galaxy (e.g. Silk & Rees 1998; King 2003). Firm evidence
for this mode of AGN feedback is still elusive.

Different approaches to reveal the nature of AGN feedback
have been pursued. Direct detection of AGN-driven outflows on
kpc scales are reported in the ionized gas (e.g. Greene et al.
2011; Liu et al. 2013; Harrison et al. 2014; Brusa et al. 2015a;
Perna et al. 2015; McElroy et al. 2015; Kakkad et al. 2016), neu-
tral gas (e.g. Rupke & Veilleux 2015; Morganti et al. 2016)
and molecular gas phase (e.g. Alatalo et al. 2011; Sturm et al.
2011; Cicone et al. 2014; Feruglio et al. 2015; Morganti et al.
2015; Zschaechner et al. 2016). Nevertheless, it still debated
whether very extended ionized outflows are ubiquitous for all
luminous AGN (Husemann et al. 2013; Karouzos et al. 2016;
Villar-Martín et al. 2016; Husemann et al. 2016). To assume a
causal connection between kpc-scale outflows and the quenching of
star formation remain tempting. Recent IFU observations of lumi-
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nous AGN z ∼ 2 have shown evidence for this “negative” feedback
given the spatial distribution of the outflows and the sites of star
formation as traced by Hα (e.g. Cresci et al. 2015b; Carniani et al.
2016). However, the expanding shock front of the outflow may
also trigger star formation through the compression of gas lead-
ing to ”positive” AGN feedback (e.g. Croft et al. 2006; Silk 2013;
Cresci et al. 2015b,a; Bieri et al. 2016).

A large number of studies compared the total star forma-
tion rate (SFR), which should reveal the net effect of posi-
tive and negative feedback, with the AGN luminosity or out-
flow characteristics. The results remain inconclusive so far. Re-
cent studies reported either a positive correlation (Netzer 2009b;
Chen et al. 2013; Delvecchio et al. 2015; Matsuoka & Woo 2015;
Xu et al. 2015; Gürkan et al. 2015; Heinis et al. 2016; Dong & Wu
2016; Harris et al. 2016) or no correlation (Rosario et al. 2012;
Azadi et al. 2015; Stanley et al. 2015; Shimizu et al. 2016) of SFR
with increasing AGN luminosity. Other studies have compared the
specific SFR in luminous AGN compared to a control sample of
non-AGN galaxies at the respective redshift and report either that
the SFR is suppressed (Mullaney et al. 2015; Shimizu et al. 2015;
Wylezalek & Zakamska 2016), equal (Rosario et al. 2013; Xu et al.
2015) or enhanced (Zhang et al. 2016; Bernhard et al. 2016) in lu-
minous AGN hosts. It has been shown that part of the huge discrep-
ancies in the results may be caused by sample selection effects,
e.g. binning in SFR or AGN luminosity (Volonteri et al. 2015),
that the FIR-based SFRs are over-estimated in post-starburst galax-
ies (Hayward et al. 2014), and/or by a timescale discrepancy be-
tween the AGN phase and the star formation in the host galaxy
(Hickox et al. 2014).

The cold molecular gas provides an instantaneous measure
of the raw fuel for star formation in galaxies. Hence, it may pro-
vide a more direct tracer for the impact of AGN in terms of
positive and negative feedback in the galaxies ability to form
stars. Maiolino et al. (1997) performed a large systematic study of
12CO(1 − 0) in 73 nearby AGN host to estimate their molecu-
lar gas reservoir, which turned out to be consistent with those of
non-AGN galaxies. Saintonge et al. (2012) reported that long gas
depletion times in nearby bulge-dominated galaxies are not sta-
tistically linked to AGN. However, the low luminosity of these
nearby AGN may simply prevent any effect on global host galaxy
properties. CO observations of more luminous AGN and Quasi-
Stellar Objects (QSOs) are challenging due to their higher red-
shifts, so that it has been difficult to built up large samples.
Over the years several studies have gathered significant data for
QSOs at z < 1 (e.g. Evans et al. 2001; Scoville et al. 2003;
Evans et al. 2006; Bertram et al. 2007; Krips et al. 2012; Xia et al.
2012; Villar-Martín et al. 2013; Rodríguez et al. 2014) and z > 2
(e.g. Carilli et al. 2002; Riechers et al. 2006; Maiolino et al. 2007;
Coppin et al. 2008). Most of these studies report that the QSO host
galaxies are rich in molecular gas in contrast to the expectations
that ”Quasar-mode” feedback has erased the gas content.

In Husemann et al. (2014, hereafter Paper I), we presented
integral-field unit (IFU) spectroscopy for a sample of 18 luminous
unobscured (type I) QSOs in the redshift range 0.04 < z < 0.2.
After careful decomposition of the AGN and host galaxy emission,
we mapped the location of ionized gas excited by young stars and
measured a dust-corrected SFR based on the Hα luminosity. We re-
ported that most of our systems are following the main-sequence of
star formation irrespective of whether the host galaxies are bulge-
or disc-dominated systems. In this paper, we present 12CO(1− 0)
and 12CO(2− 1) line follow-up observations with the IRAM 30m
telescope for 14 out of 18 QSOs in the sample to infer their total

molecular gas content and depletion time scales. Our primary aim
is to discriminate whether any changes in the SFR in those lumi-
nous AGN are primarily driven by the total gas content or the star
formation efficiency in comparison to the normal galaxy popula-
tion. In addition, we explore the relation between AGN luminosity
and molecular gas content (e.g. Maiolino et al. 2007) which is less
affected by the timescale issue than the measurement of the SFR.

Throughout the paper we assume a concordance cosmological
model with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2 THE LOW-REDSHIFT QSO SAMPLE

Our low-redshift QSO sample (z < 0.2) is drawn from the Ham-
burg/ESO survey (HES, Wisotzki et al. 2000) based on an early
QSO catalog of Köhler et al. (1997) covering an area of 611 deg2

on the sky. It is a statistically complete flux-limited sample consist-
ing of the 18 brightest QSOs taking into account the variable depth
of individual HES survey fields. The QSOs therefore correspond to
the most luminous QSOs in the respective redshift range. Optical to
near-IR multi-band imaging data of the sample was presented and
discussed in Jahnke et al. (2004b). Those data provide morpholog-
ical information of the host galaxies and host galaxy colors, from
which stellar masses were estimated through spectral energy dis-
tribution modeling. The effective radii of those massive QSO host
galaxies varies between 1 kpc < Re < 10 kpc corresponding to
angular sizes of 4′′ up to 20′′ on sky.

Follow-up optical IFU spectroscopy for 18 objects of the QSO
sample was recently presented in Paper I. Those data already added
crucial information about the presence, extent and physical condi-
tions of the ionized gas in the host galaxies (e.g. its ionization state
and metallicity). We refer to Paper I for additional information on
the basic sample properties. In this paper, we focus on the charac-
teristics of ongoing star formation, based on the Hα surface bright-
ness and kinematics inferred from the IFU data, as described in the
following section. We further complement the multi-colour imag-
ing and IFU data of the sample with single-dish 12CO(1 − 0) and
12CO(2−1) observations that probes the molecular gas content of
the QSO hosts.

2.1 Optical IFU data and the Hα kinematics

The optical IFU observations were carried out with VIsible Mul-
tiObject Spectrograph (VIMOS, Le Févre et al. 2003) at the Very
Large Telescope during period 72 and 83. The VIMOS Field-of-
View (FoV) was set to 27′′ × 27′′ or 13′′ × 13′′ with a spatial
sampling of 0.66′′ or 0.33′′, respectively, in order to well cover
the entire QSO host galaxies. We chose one of the HR blue, HR
orange, or HR red grisms or a combination of two spectral setups
to cover at least the wavelength range from Hβ to [NII] 6584Å at
a spectral resolution of 3Å (FWHM). Details on the observations
and data reduction of the VIMOS IFU data can be found in Paper I.

As described in Paper I, it is crucial to disentangle the bright
emission of the type-1 QSO nucleus from the host galaxy in the
optical IFU data. We used our iterative algorithm QDEBLEND3D

for this task which we introduced in Husemann et al. (2013) and
applied to the VIMOS observation of this sample as described in
Paper I. The algorithm relies on the fact the the broad Balmer lines
originate from the AGN broad-line region emitted on < 1 pc scales
(e.g. Peterson et al. 2004; Kaspi et al. 2005) even for the most lu-
minous QSOs. Hence, the Point-Spread Function (PSF) can be di-
rectly re-construct for a given observation at the observed wave-
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Table 1. Details of the IRAM 30 m observations and ambient conditions. For each object we list the Hamburg/ESO survey name and the morphological
classification in brackets as B for bulge-dominated, D for disc-dominated and M for major merger. We also list the dates of the observing night(s), range in
telescope elevations, on-source integration time (texp) per night, central frequencies for the E090 and E230 bands, the range in precipitable water vapour
during observation, estimated rms in the E090 band for a channel width of 50km/s for the combined integration time, and finally some remarks on the general
observing conditions.

Name α(J2000) δ(J2000) night El. νE090 νE230 texp pwv rms comments
[deg] [GHz] [GHz] [min] [mm] [mk]

HE 0952−1552 (D) 148.62325 -16.11422 2014-01-23 35–37 102.8 207.4 37 4–8 0.5
2014-01-27 35–37 102.8 207.4 50 ∼3 clear

HE 1019−1414 (D) 155.60291 -14.48277 2014-01-24 36–38 106.5 214.1 80 3–4 0.5 clear, strong wind
2014-01-28 35–38 106.8 214.1 30 ∼1 clear, strong wind

HE 1029−1401 (B) 157.97625 -14.28083 2014-01-26 33–39 106.2 213.1 120 1.5–2 0.4 clear
2014-01-27 37–39 106.8 214.1 50 ∼1 clear

HE 1043−1346 (D) 161.57083 -14.04111 2014-01-24 35–37 106.5 214.1 40 ∼4 0.8 clear, strong wind
HE 1110−1910 (B) 168.21208 -19.43972 2014-01-27 29–33 102.8 207.4 73 3–4.5 0.5 clear, turbulent atmosphere
HE 1228−1637 (B) 187.85291 -16.89750 2014-01-26 29–33 106.2 213.1 55 ∼2 0.4 clear

2014-01-27 35–36 102.8 207.4 38 4–6 clouds, turbulent atmosphere
2014-01-28 33–36 106.8 214.1 37 1 clear

HE 1237−2252 (D) 190.11791 -23.15722 2014-01-26 ∼ 27 106.2 213.1 45 ∼2 0.9 clear
HE 1239−2426 (D) 190.65500 -24.71111 2014-01-24 ∼ 28 106.5 214.1 40 4–5 1.1 clear, strong wind
HE 1254−0934 (M) 194.23708 -9.83777 2014-01-24 39–42 100.3 205.4 32 4–5 0.9 clear, strong wind
HE 1300−1325 (B) 195.84263 -13.69269 2014-01-26 27–33 106.5 220.0 23 ∼2 1.5 clear
HE 1405−1545 (M) 212.10208 -15.99138 2014-01-24 32–36 100.3 ... 60 4–5 0.7 clear, strong wind

2014-01-27 30–36 100.3 ... 41 9–20 clouds, turbulent atmosphere
HE 1416−1256 (B) 214.76591 -13.17908 2014-01-25 35–38 102.8 207.4 42 ∼8 0.6 cloudy, high humidity

2014-01-27 36–40 102.8 207.4 54 3–6 clouds, turbulent atmosphere

length of the broad emission line (e.g. Jahnke et al. 2004a). Based
on the re-constructed PSF we iteratively subtracted the beam-
smeared QSO spectrum from the IFU data taken into account the
host galaxy contamination to the QSO spectrum itself. As a result
we obtained a QSO and a host galaxy datacube. We modeled and
subtracted the stellar continuum from the host galaxy datacube with
the STARLIGHT spectral synthesis code (Cid Fernandes et al. 2005,
2013) and then co-added the spectra of independent emission-line
regions across the host galaxies. Based on the [O III]λ5007/Hβ
vs. [NII]λ6583/Hα line ratio diagnostic diagram (Baldwin et al.
1981; Veilleux & Osterbrock 1987) we distinguished between H II
region complexes powered by ongoing star formation and ex-
tended AGN-ionized regions on kpc scales. Based on this anal-
ysis we reported star formation rates (SFRs) calculated from the
extinction-corrected Hα luminosity of the H II regions in Paper I
using the conversion by Kennicutt (1998) and provide upper limits
for host galaxies dominated by AGN photoionization throughout
their galaxy.

The SFR and the specific SFR (sSFR), which is the SFR di-
vided by the stellar mass, are the prime quantities from the IFU
data that we take from Paper I. In addition, we construct and
present the spatially resolved Hα velocity field of all host galaxies
in this paper. We model the Hα line and the [NII]λλ6548, 6583
doublet as a system of single Gaussian emission lines with com-
mon velocity and intrinsic velocity dispersion as well as a fixed
[NII]λ6548/[NII]λ6583 ratio of 1/3. Errors on all parameters are
estimated using a Monte Carlo approach. A sample of 50 dat-
acubes were created for which each pixel value was randomly var-
ied within its error computed from the photon, read-out and back-
ground noise by the data reduction pipeline. The QSO-host de-
blending and stellar continuum subtraction was done on each of
the cubes independently and we estimate the uncertainty of the
emission-line fitting per spaxel as the standard deviation of results
from the 50 Monte-Carlo realizations. We assume that a reliable

measurement for a spaxel is achieved at a Hα signal-to-noise of
5, a radial velocity error of < 20 km/s, and a velocity dispersion
error of < 50 km/s. The cleaned maps are shown in Fig. 1. For
comparison with the integrated CO line spectrum we also construct
the spatially-integrated emission-line Hα profile from the spatially-
resolved kinematics. The resulting line profile is also shown in
Fig. 1 (red line in left panel), integrating all regions identified to
be powered by star formation which sometimes subtended the en-
tire host galaxy.

A more detailed analysis of the ionized gas kinematics com-
paring different emission lines like Hα and [OIII] and looking for
multiple kinematic components is beyond the scope of this paper.
It will be subject of a dedicated paper with the emphasis of non-
circular motions as potential signatures of interactions and/or ion-
ized gas outflows. Here, we restrict ourselves entirely on the com-
parison of the ionized and molecular gas properties.

2.2 Observations and data reduction of CO line observations

Single dish observations for a sub-set of the QSO sample were car-
ried out with the IRAM 30 m telescope at Pico Veleta (Granada,
Spain) in January 2014. We selected 12 QSOs for which we esti-
mated a SFR of 0.5M⊙ yr−1 or an upper limit above this thresh-
old. In addition, two QSOs, HE 1310−1051 and HE 1338−1423,
had previously been targeted with the IRAM 30 m telescope
(Bertram et al. 2007) using the ABCD backend providing a total
sample of 14 QSOs with 12CO(1 − 0) and VIMOS observations.
The IRAM 30m observations were carried out with the Eight MIxer
Receiver (EMIR, Carter et al. 2012) in dual-band mode to simulta-
neously observe the redshifted 12CO(1 − 0) and 12CO(2 − 1)
lines in the 3 mm (E090) and 1 mm (E230) bands. Given the rel-
atively large redshift range covered by the sample we defined a
few single side-band tunings such that both CO lines fall within
the large 4 × 4GHz bandwidth (200 kHz sampling) of the Fourier
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Figure 1. Comparison of the 12CO(1− 0) and 12CO(2− 1) lines (detected or undetected) with the spatially integrated Hα line properties derived from the
VIMOS IFU data after subtraction of the QSO emission. Left panels: 12CO(1− 0) line profile (solid black line) and 12CO(2− 1) line profile (dotted black
line) with respect to integrated Hα line profile (solid red line) matched in equivalent width on the plot. The systemic redshift used here is the median radial
velocity in the Hα line maps and marks the zero-velocity reference of the line profile highlighted by the vertical gray solid line. Right panels: The Hα surface
brightness distribution, the Hα radial velocity with respect to the systemic one, the Hα velocity dispersion as measured from the VIMOS IFU are shown from
left to right, respectively.
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Figure 1 – continued
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Figure 1 – continued

Transform Spectrometer (FTS) for several objects. This was possi-
ble due to the accurate redshift information provided by the optical
IFU data and allowed us to reduce the overhead time substantially
compared to individual tunings per QSO. We also recorded data
with the WILMA backend as a backup, which has a smaller band-
width of 4x2GHz in single-sideband mode. Thus, it does not cover
the lines for all objects at a given tuning.

Since the apparent size of the QSO host galaxies (< 20′′)
are smaller than the telescope half power beam size of ∼ 22′′ in
the 3 mm band, we only obtained single pointings on each source.
Switching between on and off source was done with the wobble

switching secondary mirror running at a throw of 1′ in azimuth and
altitude at a frequency of 1 Hz. We achieved an on-source integra-
tion time per object ranging from 23 min to 3 h. The exposure time
per galaxy was estimated to achieve a S/N>3 in 12CO(1−0) based
on the SFR and assuming a gas depletion time of 2 Gyr (Bigiel et al.
2008). In total we acquired 15.4 h of on-source integration time for
the entire observing run. The observing conditions varied signifi-
cantly between the observing sessions ranging from excellent con-
ditions with pwv<1 mm and poor conditions with pwv>10mm to-
gether with strong winds close to the pointing limit of the telescope.
An overview of the observations including tuning frequencies and
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observing conditions for individual observing blocks are reported
in Table 1.

We reduced all the data with the software GILDAS/CLASS1.
Because the FTS bandwidth is split up into three band-
passes/amplifiers, we subtracted independent linear baselines for
the corresponding frequency ranges in each polarization. The com-
bined spectrum was then computed as the variance-weighted aver-
age of all high quality scans independent of polarization. Finally,
the spectrum were binned in frequency so that the final sampling
corresponds to 50 km s−1 in the rest-frame of the object. We as-
sume main beam efficiencies of Beff = 0.78 and forward beam
efficiencies of Feff = 0.94 at ν ∼ 90GHz to convert the tele-
scope temperatures to main beam temperatures. Similarly, we as-
sume Beff = 0.63 and Feff = 0.94 at ν ∼ 210GHz. The resulting
spectra covering the 12CO(1−0) and, if possible, the 12CO(2−1)
lines are shown in Fig. 1 (left panels).

We measure the velocity integrated line fluxes by fitting a
Gaussian function to the CO line profiles. A few profiles clearly
show a horn profile, but we still model them with a Gaussian func-
tion for consistency. This approach is valid in our case, because the
measurement errors for our spectra are larger than the systematic
uncertainties of the line profile mismatch. We fix the redshift of the
lines to the systemic redshift based on the Hα kinematics, which
reduces the number of free parameters and provides a more robust
line flux measurement. A Monte Carlo approach is used to estimate
the uncertainties on our CO line fluxes. We generate 200 represen-
tation of each spectrum by randomly drawing values from a normal
distribution centred on the original spectrum with standard devia-
tion set by the noise. The 12CO(1 − 0) line is detected in 8 out
of 14 QSO host galaxies with & 3σ and the 12CO(2 − 1) line is
detected in 7 of 9 cases where the line could be covered by the
backends. We estimate 3σ upper limits for the non-detections as-
suming a Gaussian profile again with a FWHM of 350 km/s which
is the mean value from all our detections. In Table 2, we report the
results of those line measurements.

3 RESULTS

3.1 Molecular gas mass and gas fractions

Here we follow the prescription of Bertram et al. (2007) to estimate
the cold molecular gas mass M(H2) from the 12CO(1− 0) line as
described in Solomon et al. (1992). First, we convert the 12CO(1−
0) velocity integrated line flux to a line luminosity,

L′

CO(1− 0) = 23.5ΩS∗BD
2
LICO(1− 0)(1 + z)3 , (1)

where ΩS∗B is the solid angle of the source convolved by the solid
angle of the beam in square arcsecond, DL is the luminosity dis-
tance and z is the systematic redshift of the object. Because the
solid angle of all source, ΩS, is significantly smaller than the beam
size ΩB at least for the 12CO(1 − 0) line, we adopt the simplifi-
cation to assume that ΩS∗B ≈ ΩB. The 12CO(1 − 0) line at the
redshift of our targets fall in the 3mm band at which the IRAM
telescope has a half-power beam size of ∼ 22′′.

The total molecular hydrogen gas mass is calculated
by multiplying L′

CO with an appropriate scale factor αCO

(see Bolatto et al. 2013, and references therein). This conver-
sion factor has been empirically determined from individual
molecular gas clouds in the Milky Way and nearby galaxies

1 available at http://www.iram.fr/IRAMFR/GILDAS

αCO ∼ 3.2M⊙K−1 km−1 pc2 without correction for Helium
(e.g. Dickman et al. 1986; Strong et al. 1988; Strong & Mattox
1996; Blitz et al. 2007). On the other hand, a significant de-
pendence of αCO has been reported with metallicity (e.g.
Boselli et al. 2002; Leroy et al. 2011) and with starburst envi-
ronments, e. g. ultra-luminous infrared galaxies (ULRIGs), for
which a significantly lower conversion factor has been obtained
αCO ∼ 0.8M⊙K−1 km−1 pc2 (e.g. Solomon et al. 1997).
Since luminous QSOs had been thought to be usually associ-
ated with gas-rich mergers of (U)LIRG type most studies on
the molecular gas content of QSO host galaxies have used a
low αCO ∼ 0.8M⊙K−1 km−1 pc2 (e.g. Riechers et al. 2006;
Villar-Martín et al. 2013) consistent with starburst systems.

This merger-driven scenario has been challenged in recent
years since a large fraction of QSOs appear not be hosted by major
mergers, but undisturbed disc galaxies instead (e.g. Cisternas et al.
2011; Schawinski et al. 2012; Villforth et al. 2014; Mechtley et al.
2016). Indeed, most of the QSO hosts in our sample appear as
undisturbed disc or elliptical galaxies, so that it is reasonable to as-
sume a Galactic scale factor of αCO = 4.35M⊙(K km s−1 pc−2)
that also takes into account the Helium abundance. Such a con-
version factor has also been used by studies of the molecular
gas in low-redshifts QSOs (e.g. Evans et al. 2001; Scoville et al.
2003), in the local galaxy population by the COLD GASS sur-
vey (Saintonge et al. 2012) and in massive elliptical galaxies by the
ATLAS3D survey (Young et al. 2011). We therefore (re)compute
all molecular gas mass with this conversion factor to be consistent
throughout the article.

In order to compare the properties of our QSO hosts with non-
AGN galaxies we use the COLD GASS survey and ATLAS3D sur-
vey as comparison samples for disc and bulge-dominated galaxies,
respectively. The COLD GASS survey is an IRAM Legacy sur-
vey that observed a representative sample of ∼350 nearby galaxies
with stellar masses > 1010M⊙ in the 12CO(1 − 0) line. It is one
of the largest and most homogeneous databases for the molecular
gas content of nearby galaxies to date. It has a 12CO(1 − 0) 5σ
detection limit corresponding to about 1-10% of the correspond-
ing stellar masses. We cross-match the COLD GASS sample with
the visual classification of galaxies from the Galaxy Zoo 2 project
(Willett et al. 2013) to distinguish also between disc- and bulge-
dominated systems (S and E morphological classes), which leads
to a sub-sample of 274 galaxies. Bulge-dominated galaxies have
often lower molecular gas fractions than the COLD GASS detec-
tion limit. This gap is filled by the ATLAS3D survey, which is an
IFU survey of a volume limited sample of nearby bulge-dominated
galaxies complemented by deep 12CO(1− 0) observation down to
gas fractions of 0.1% (Young et al. 2011).

The majority of our QSO host galaxies contain substantial
amounts of molecular gas ranging between 109–1010 M⊙. This is
in agreement with previous studies of the molecular gas content
in luminous low-redshift QSOs (Scoville et al. 2003; Bertram et al.
2007; Evans et al. 2006; Villar-Martín et al. 2013). We also pro-
vide stringent upper limits for the non-detection corresponding to
. 109 M⊙ (3σ). Most of the upper limits originate from bulge-
dominated QSO host galaxies which therefore contain systemati-
cally less molecular gas compared to the disc-dominated hosts and
ongoing major mergers.

We present molecular gas fractions (MH2/(MH2 + M∗)) in
Fig. 2 against the total stellar mass (M∗) for our sample compared
to the overall non-AGN galaxy population as seen by COLD GASS
and nearby bulge-dominated systems as observed by ATLAS3D.
To statistically compare the distributions including the censored
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Table 2. Results of the 12CO(1− 0) and 12CO(2− 1) line measurements. All upper limits are provided as 3σ detection limits.

12CO(1− 0) 12CO(2− 1)

Object z M∗ SFR ∆v ICO FHWMCO L′
CO/108 M(H2) ICO FWHMCO

[M⊙] [M⊙/yr] [km s−1] [Kkms−1] [km s−1] [Kkms−1 pc−2] [109 M⊙] [K km s−1] [km s−1]

HE 0952−1552 0.11 11.2 1.4 50.0 0.9± 0.2 497± 83 8.7± 1.7 3.8± 0.7 1.4± 0.4 360± 119

HE 1019−1414 0.08 10.8 0.7 50.0 0.8± 0.2 385± 87 4.1± 0.8 1.8± 0.3 1.2± 0.3 374± 99
HE 1029−1401 0.09 11.1 1.7 50.0 < 0.3 ... < 1.7 < 0.7 < 0.3 ...
HE 1043−1346 0.07 10.9 8.8 50.0 2.0± 0.3 420± 70 8.1± 1.1 3.5± 0.5 5.4± 0.4 438± 28

HE 1110−1910 0.11 10.8 0.4 50.0 < 0.3 ... < 3.1 < 1.3 < 1.1 ...
HE 1228−1637 0.10 10.8 8.1 50.0 0.20± 0.04 106∗ 1.7± 0.4 0.8± 0.2 0.75± 0.03 103± 4
HE 1237−2252 0.10 11.1 4.5 50.0 1.4± 0.3 313± 121 10.9± 2.3 4.7± 1.0 3.8± 0.3 302± 23
HE 1239−2426 0.08 11.1 12.1 50.0 2.4± 0.3 291± 39 13.4± 1.7 5.8± 0.7 7.3± 0.6 404± 37
HE 1254−0934 0.14 11.2 69.3 50.0 1.9± 0.3 300± 34 28.3± 4.3 12.3± 1.9 3.6± 0.5 268± 27
HE 1300−1325 0.05 10.8 5.5 50.0 < 1.0 ... < 2.0 < 0.9 ... ...
HE 1310−1051 0.03 10.2 1.3 50.0 < 0.2 ... < 0.2 < 0.1 < 0.2 ...
HE 1338−1423 0.04 11.1 1.7 50.0 < 0.2 ... < 0.3 < 0.1 ... ...
HE 1405−1545 0.19 11.2 37.7 50.0 0.7± 0.2 293± 69 20.1± 4.4 8.8± 1.9 ... ...
HE 1416−1256 0.13 10.4 2.2 50.0 < 0.3 ... < 4.3 < 1.8 < 0.8 ...

∗ 12CO(1− 0) line width fixed to the measured width of 12CO(2− 1) given its robust detection which provides an accurate prior.
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Figure 2. Comparison of molecular gas fraction against stellar mass for
our luminous QSOs and non-AGN galaxies. The QSO host galaxies are
divided into disc-dominated, bulge-dominated and ongoing major merger
systems. Comparison samples of non-AGN galaxies are drawn from the
COLD GASS survey, and ATLAS3D for bulge-dominated galaxies. The
dashed line is a parametrization of the gas fraction for the galaxy population
as derived by Popping et al. (2012) for redshift z = 0.06.

data, we take out the mass-dependence of the gas fraction using
the parametrization derived by Popping et al. (2012),

fgas,Pop12 =
MH2

MH2 +M∗

=
1

exp(logM∗−A)/B +1
, (2)

where the best-fitting parameter are found to be A = 6.15(1 +
z/0.036)0.144 and B = 1.47(1 + z)−2.23. Based on this mean

relation of gas fractions for the overall galaxy population we define
the offset from the relation as ∆fgas = fgas,observed − fgas,Pop12.

Here, we use the survival package of R (R Core Team 2013)
and apply the logrank test and also the modified Gehan Wilcoxon
test to infer whether two samples are drawn from the same par-
ent sample taking into account censored data. We find that ∆fgas
for the disc-dominated QSO host galaxies is statistically consis-
tent with the distribution of non-AGN disc galaxies. The bulge-
dominated QSO galaxies are also statistically consistent with non-
AGN bulge-dominated galaxies from COLD GASS and ATLAS3D.
However, their gas fractions are significantly lower than the disc-
dominated galaxies at 99% confidence. The two ongoing major
mergers, HE 1254−0934 and HE 1405−1545, show clearly en-
hanced molecular gas fractions. To check whether this is caused
by a lower αCO factor we estimate the dynamical mass of those
systems. For HE 1245−0934 we measure a radial velocity of
Vr =120 km/s at R0 = 12 kpc and for HE 1405−1545 we ob-
tain Vr = 125 km/s at R0 = 14 kpc. This corresponds to dynam-
ical masses of Mdyn = 1.2 × 1011M⊙ for HE 1254−0934 and
Mdyn = 1.0 × 1011M⊙ for HE 1405−1545, respectively, adopt-
ing an inclination of i = 40◦ in both cases. The gas mass is still
much smaller than the dynamical mass in both case. Hence, we
continue to apply the same αCO conversion factor for these two
mergers as for the other galaxies in the sample to be consistent.

3.2 Comparison of the ionized and molecular gas kinematics

A unique advantage of our data set is the possibility to com-
pare the kinematics of the molecular gas traced by 12CO(1 − 0)
with the ionized gas traced by Hα. For all our galaxies with a
12CO(1 − 0) detection we compare the 12CO(1 − 0) line pro-
file with the spatially integrated Hα line profile after subtracting
the QSO contribution (Fig. 1). In all cases we quantify that the line
profiles of 12CO(1 − 0) and Hα are statistically consistent with
each other at 95% confidence, despite a global velocity offset of
about 50 km/s is seen for HE 1237−2252, by computing the re-
duced χ2 for the 12CO(1 − 0) line profile assuming that Hα is a
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Figure 3. Left panel: Specific SFR against stellar mass for our QSO sample. We separated our QSO host galaxies by morphological type as labeled in the
right panel. This is similar diagram as presented in Paper I, but restricted to QSO subsample subject of this paper. The underlying contours indicate the
distribution of SDSS emission-line galaxies for visual comparison. Most of our QSO host galaxies populate the star forming sequence of galaxies independent
of morphological type, but with a few cases of significantly low sSFR. Right panel: SFR against molecular gas content for our QSO sample. The dashed
lines indicate the directions of constant molecular gas depletion timescale of 108, 109, and 1010 yr as labeled. Most of the disc-dominated QSOs exhibit
depletion time scales around 109 yr typical for normal star forming galaxies. The bulge-dominated and major merger QSO hosts show a tendency towards
shorter depletion time scales.

model to the data χHα
ν (Table 2). The resulting values range be-

tween 0.7 < χHα
ν < 1.3 in all cases with detected 12CO(1 − 0)

emission confirming that both line profiles are consistent with each
other at the given S/N.

This comparison highlights that, even without resolving the
12CO(1 − 0) velocity field, the molecular gas is tracing the
spatially-resolved kinematics of Hα. It implies that the molecular
gas is spatially distributed on kpc scales across the galaxy simi-
lar to the ionized gas. While this is surprising at first glance given
that the molecular gas traces very cold gas with a temperature of a
few tens of K and the ionized gas has a temperature of 10 000 K,
it is actually consistent with the picture that the molecular gas is
the seed of ongoing star formation activity. Those very young star
forming regions contain massive hot stars that lead to prominent
H II regions probed through the Hα emission. Any necessary dif-
ference in the distribution and kinematics of both phases on the
scales of molecular clouds (<50pc) are basically averaged out due
to the kpc resolution of our observations.

In addition, there seems to be no significant additional contri-
bution from circumnuclear molecular gas to the entire budget on
sub-kpc scales which we would not be able to resolve in Hα due
to the subtraction of the point-like QSO spectrum. We therefore can

estimate the gas surface density by adopting the apparent area from

the size of the Hα emitting region. This is an essential finding that
enables us to study the conditions for star formation by combining
both data sets.

3.3 The star formation efficiency in QSO host galaxies

In Fig. 3 (left panel), we present the specific SFR against the stellar
mass for our QSO sub-sample drawn from Paper I. A similar plot
has already been shown in Paper I, but the pre-selection of targets
for 12CO(1 − 0) follow-up based on the expected luminosity in-
troduces a cut at log sSFR & −11.0. Although we exclude four
QSO host galaxies due to the expected CO non-detections we still
include several targets in-between the blue cloud and passive sys-
tems that turned out to be undetected in CO. As already reported in

Paper I the majority of our QSO host galaxies lie on the star form-
ing main sequence independent of their host galaxy morphology. To
statistically compare the QSO sample with the COLD GASS and
ATLAS3D control samples we determine the difference in sSFR (∆
sSFR) with respect to the expected sSFR from the local star form-
ing main sequence parametrization of Elbaz et al. (2007),

log sSFR = 0.94 + 0.77(logM∗ − 11.0)− logM∗ (3)

Applying the logrank and the modified Gehan Wilcoxon test us-
ing survival package of R we find that the disc-dominated QSOs
are indistinguishable from the star forming disc galaxy popula-
tion whereas the bulge-dominated QSO exhibit an enhanced sSFR
compared to the bulge-dominated non-AGN population at >95%
confidence. This is in contrast with the gas fraction of bulge-
dominated QSOs being consistent with the comparison sample of
the same morphological type. The ongoing major merger systems
are clearly above the main sequence as often observed for ongoing
gas-rich major mergers (e.g Ellison et al. 2008; Heiderman et al.
2009; Cao et al. 2016).

By combining the 12CO(1− 0) measurements with our exist-
ing IFU observations for this sample, we can compare the current

SFR against the inferred molecular gas mass (right panel Fig. 3).
The ratio of the two quantities is the gas depletion time tdep =
MH2/SFR. Compared to the control samples from COLD GASS
and ATLAS3D it seems that the majority of our disc-dominated
QSO hosts are consistent with a depletion time of ∼ 109 yr. It is
very close to normal star forming galaxies probed by COLD GASS
(Saintonge et al. 2011) and measured for various nearby galaxy
studies (e.g. Leroy et al. 2008; Bigiel et al. 2008). Indeed, the lo-
grank test and the modified Gehan Wilcoxon test clearly show that
the disc-dominated QSOs and control sample of disc galaxies are
statistically indistinguishable in tdep. The bulge-dominated QSOs
appear to have a shorter depletion time compared to the non-AGN
bulge-dominated galaxies at 99% confidence (and also when com-
pared to the non-AGN disc-dominated galaxies at 95% confidence).
This is a direct consequence of the enhanced star formation in the
bulge-dominated QSOs while the gas fractions are more similar
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Figure 4. Total surface SFR against surface molecular gas mass for our
QSO sample. The symbols denote different morphological types of QSO
host galaxies as shown in Fig. 3. The solid gray circles and dashed line are
taken from Kennicutt (1998) and Bigiel et al. (2008), respectively.

to non-AGN bulge-dominated galaxies. Our two ongoing major
mergers have a shorter depletion time close to 108 yr which would
even be shorter if we assume an αCO ∼ 1M⊙/(K km s−1 pc−2)
which reduces the molecular gas mass by 0.6 dex. Such short deple-
tion time scales are commonly observed for gas rich major mergers
(e.g., Gao & Solomon 2004).

The high SFR of the bulge-dominated QSOs may be caused
by a higher gas surface density on average. To test this we nor-
malize the SFR and molecular gas masses by the surface area of
the entire star forming disc of the host galaxies. Because the QSO
positions are offset from the kinematic centre in a few cases, i.e.
HE 1254−0934 and HE 1405−1545, we measure the size of the
Hα disc along the major-axis with respect to the kinematic centre
assuming a circular disc. In Fig. 4, we compare our measurements
with the global Kennicutt-Schmidt law presented by Kennicutt
(1998) and the relation for the spatially resolved law on kpc scales
inferred from nearby star forming galaxies by Bigiel et al. (2008).
Neither the disc-dominated nor the bulge-dominated QSO hosts
are statistically different compared to the reference sample with
the reasonably large scatter around the relation (< 0.5 dex). Only
the ongoing major mergers are systematically above the Kennicutt-
Schmidt relation, but also two elliptical galaxies with the highest
SFR are located significantly above the relation with at least the
same amplitude as the ongoing mergers.

Overall, our combined optical IFU and single-dish 12CO(1−
0) observations seem to support a picture in which the cold gas in
disc-dominated QSOs hosts are forming stars under similar condi-
tions than normal star-forming disc galaxies. Apparently, there is
no net effect by AGN feedback on the SFR in a positive nor neg-
ative sense. The bulge-dominated QSO host galaxies show more
diverse properties. Despite the small sample size we find indica-
tions that the current SFR is enhanced and the gas depletion time
is shorter in bulge-dominated QSO hosts compared to non-AGN
galaxy sample with the same morphology.

3.4 Molecular CO line temperature brightness ratios

For 7 of our targets we have secure detections of both the 12CO(1−
0) and 12CO(2−1) lines. The CO line ratio may provide first clues
on the excitation conditions of the molecular gas. However, one is-

Table 3. CO(2-1)/CO(1-0) emission line ratio and aperture correction

Object ICO10 ICO21 Rbeam r21
[mJy km/s] [mJy km/s]

HE 0952−1552 5.4± 1.1 10.6± 4.1 0.92 0.5± 0.3

HE 1019−1414 4.8± 1.0 8.8± 2.0 0.95 0.5± 0.2
HE 1043−1346 12.1± 1.4 40.4± 3.7 0.83 1.0± 0.1

HE 1228−1637 1.3± 0.3 5.6± 0.4 0.95 1.2± 0.3
HE 1237−2252 8.5± 1.8 28.2± 3.1 0.84 1.0± 0.3
HE 1239−2426 14.1± 1.4 54.6± 3.7 0.73 1.3± 0.2

HE 1254−0934 11.1± 1.3 27.3± 3.4 0.91 0.7± 0.1

sue is that the beam sizes are significantly different for 12CO(1−0)
(22′′) and 12CO(2−1) (11′′). Given the size of our galaxies, we re-
quire an aperture correction to provide conclusive results on the line
ratios. Usually this correction is highly uncertain, but we showed
in Section 3.2 that the Hα and 12CO(1 − 0) kinematics match.
Thus, we use the measured Hα flux distribution to estimate how
much flux would be seen by the two different beam sizes assuming
a purely 2D Gaussian beam. The estimated scaling factor Rbeam,
representing the ratio of flux recovered with the 11′′ beam divided
by the 22′′ beam. Here, we use the approach of down-scaling the
measured ICO10 fluxes to the smaller beam of the 12CO(2 − 1)
measurements by multiplying it with Rbeam. We then compute the
temperature brightness ratio as

rJ J−1 = ICOJ (J−1)/ICO(J−1) (J−2) × (J − 1)2/J2 . (4)

The initial flux measurement in units of mJy km/s, the beam cor-
rection factors and the resulting r21 temperature brightness ratios
are listed in Table 3.

We measure brightness temperature ratios in the range of 0.5-
1.3 for our sample with a mean value of 〈r21〉 = 0.9 ± 0.3. This
ratio is consistent with the range observed in normal star form-
ing galaxies at low Braine & Combes (1992) and high-redshifts
(e.g. Daddi et al. 2015) as well as (ultra)-luminous infrared galaxies
((U)LIRGs, e.g. Papadopoulos et al. (2012)). We note that the ratio
is highest for the spiral galaxies, HE 1043−1346, HE 1237−2252
and HE 1239−2426, with extended spiral arms. For all other galax-
ies we measure a relatively low temperature brightness ratio around
r21 ∼ 0.5 which might suggest that the CO emission is already
sub-thermal at J = 2. However, the temperature difference be-
tween 12CO(1 − 0) and 12CO(2 − 1) is only 5 K and the low-J
line ratio is degenerate in terms of density and temperature in gen-
eral. Furthermore, the spiral galaxies show a significantly higher
SFR than the other galaxies except HE1254−0934 which is an on-
going gas-rich major merger. Hence, it is difficult to draw robust
conclusions just from these two low-J lines. Particularly, if the ex-
citation condition of the CO have a radial gradient we would nec-
essarily expect a significant difference given the range in the radial
molecular gas distribution across the sample. Only high-J CO line
observation would be able to robustly constrain the molecular gas
excitation properties (e.g. Papadopoulos et al. 2012; Indriolo et al.
2017).

3.5 Comparing BH and host galaxy properties

Various recent studies have investigated the link between the mass
accretion rate of active BH and the SFR of their hosts. The AGN
bolometric luminosity is a direct proxy of the mass accretion rate
on the BH , Lbol = ηc2ṀBH, for which a radiation efficiency η of
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10 % is usually assumed for AGN. Although the spatial and tempo-
ral scales of BH and star formation activity are orders of magnitude
different, some studies reported a significant correlation between
the integrated SFR and the BH mass accretion rate of AGN (e.g.
Mullaney et al. 2012; Chen et al. 2013; Harris et al. 2016). How-
ever, other studies claimed that there is no significant correlation
on host galaxy scales at all (e.g. Rosario et al. 2012; Stanley et al.
2015) or only for star formation on circumnuclear scales (e.g.
Diamond-Stanic et al. 2012). Volonteri et al. (2015) showed, based
on detailed simulations of BH accretion in galaxies, that there is a
strong difference in the results whether the sample is selected on
SFR or on BH accretion rate. With our data we can go one step
further by directly comparing the properties of the active BH with
the molecular gas content and its distribution probed by the Hα line
paying attention to the host galaxy morphology.

We characterize the active BHs in our QSO host galaxies with
three basic parameters, BH mass (MBH), bolometric QSO lumi-
nosity (Lbol), Eddington ratio (Lbol/LEdd). Those are determined
from the single-epoch QSO spectra using the rest-frame contin-
uum luminosity at 5100 (L5100) and the width of the broad Hβ
line adopting empirically derived scaling relations. We perform a
multi-Gaussian fitting of the various broad and narrow-emission
lines in the wavelength region containing the Hβ and [OIII] lines
above a local continuum as described in Husemann et al. (2013).
Based on the best-fit model we determine the QSO continuum flux
at 5100 Å and the FWHM and line dispersion of the broad Hβ line
without the contribution of the narrow-line component on top of
it. From those parameters we compute the bolometric luminosity
as Lbol = 10 × L5100 which is consistent with empirically deter-
mined scaling relations between continuum luminosity and bolo-
metric luminosity (e.g. Richards et al. 2006). MBH can be calcu-
lated by adopting the virial theorem for the BLR clouds in com-
bination with an empirical relation between continuum luminosity
at 5100 Å and BLR size. Various different calibrations for virial
MBH estimates have been used in the literature that differ in the
virial scale factor f , which takes into account the geometry and
kinematic structure of the BLR, and the power-law slope α of the
BLR size–luminosity relation. Here we adopt the calibration used
by Assef et al. (2011)

MBH = 106.83f

(

FWHMHβ

1000 km s−1

)2 (
L5100

1044 erg s−1

)α

M⊙ ,

(5)
with α = 0.52 (Bentz et al. 2009) and f = 1.17 following
Collin et al. (2006) for the FWHM as a surrogate for the kinematics
of the BLR clouds. All directly measured quantities from the spec-
tra and the derived BH parameters are tabulated in Table 4. Here we
list the results for the entire QSO sample presented in Paper I for
completeness even though we only discuss a slightly smaller sub
sample in this paper.

Since the QSO continuum luminosity and width of the broad
Hβ line can be determined from long-slit spectroscopy and do
not rely on IFU observation, we also collect similar measurements
for low-redshift QSOs from the literature. We focus on the unob-
scured QSOs observed in 12CO(1 − 0) by Evans et al. (2001),
Scoville et al. (2003), Evans et al. (2006), Bertram et al. (2007),
and Evans et al. (2009) that were primarily drawn from the Palomar
Green survey (Schmidt & Green 1983) and Hamburg-ESO survey
(Wisotzki et al. 2000). In addition, we require that a rough morpho-
logical classification is available from deep imaging (Guyon et al.
2006; Kim et al. 2008; Busch et al. 2014). Continuum luminosi-
ties and broad Hβ line FWHM are taken from Boroson & Green
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Figure 5. Comparison of Eddington ratio (upper panel) and black hole mass
(lower panel) against the molecular gas content. The different symbols cor-
respond to bulge-dominated (B), disc-dominated (D) and ongoing major
merger (M) QSO host galaxies, while the symbol colour indicates different
QSO samples from the literature.

(1992), Kaspi et al. (2000), Baskin & Laor (2005), Husemann et al.
(2013), and from Schulze & Wisotzki (2010). Since measurement
errors are often not provided, we assume a canonical systematic er-
ror on the BH mass estimates of 0.3 dex (e.g. Denney et al. 2009).

In Fig. 5 we compare the Eddington ratio and the BH mass
with molecular gas content of our QSO sample together with those
taken from the literature. We find that the Eddington ratio is uncor-
related with the total molecular gas mass with a Kendall’s tau cor-
relation coefficient of 0.19. The mean value and rms scatter for the
Eddington ratio of the combined sample is 〈log(Lbol/LEdd)〉 =
−0.9±0.5. The correlation with the BH mass is stronger than with
Lbol/LEdd given a Kendall’s tau correlation coefficient of 0.35 and
a 3% chance that the data are uncorrelated.

The relation between AGN luminosity and SFR has been
investigated in many previous studies (e.g. Netzer 2009b;
Rosario et al. 2012; Mullaney et al. 2012; Chen et al. 2013). Here,
we compare the AGN luminosity with the cold molecular gas con-
tent which is the actual driver for star formation and might also
trace the reservoir of gas available for accretion onto the BH. In
Fig. 6 we compare the QSO bolometric luminosity against the to-
tal molecular gas mass for disc-dominated and merger hosts (left
panel) and bulge-dominated hosts (right panel). We find a signif-
icant correlation between the BH accretion rate and the total gas
content for the combined disc-dominated and merger host sample
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Table 4. Black Hole mass properties for the entire QSO sample of Paper I.

Object f5100 log(L5100) σHβ FWHMHβ log(MBH) log(Lbol) log(Lbol/LEdd)
[

10−16 erg

s cm2 Å

]

[

erg s−1
] [

km s−1
] [

km s−1
]

[M⊙]
[

erg s−1
]

HE 0952−1552 5.7± 0.1 44.0± 0.1 3517± 256 2959± 143 7.83± 0.07 44.98± 0.24 −1.62± 0.32
HE 1019−1414 3.2± 0.2 43.4± 0.1 1582± 106 3726± 241 7.73± 0.08 44.40± 0.26 −1.21± 0.34
HE 1029−1401 86.9± 0.3 44.9± 0.1 2066± 21 4866± 50 8.76± 0.05 45.94± 0.24 −0.70± 0.29
HE 1043−1346 1.4± 0.1 42.9± 0.1 5618± 358 2928± 67 7.28± 0.06 43.94± 0.26 −2.53± 0.34
HE 1110−1910 6.2± 0.1 44.0± 0.1 1989± 63 4158± 198 8.16± 0.06 45.05± 0.25 −1.09± 0.30
HE 1201−1409 7.3± 0.1 44.3± 0.1 1603± 102 1794± 26 7.57± 0.05 45.32± 0.24 −0.78± 0.32
HE 1228−1637 7.9± 0.2 44.1± 0.1 1244± 26 2132± 17 7.60± 0.05 45.08± 0.25 −0.67± 0.31

HE 1237−2252 2.1± 0.1 43.4± 0.1 2373± 81 5613± 197 8.11± 0.07 44.44± 0.26 −1.54± 0.33
HE 1239−2426 7.1± 0.2 43.8± 0.1 1738± 43 4092± 109 8.02± 0.05 44.81± 0.25 −1.09± 0.30

HE 1254−0934 15.8± 0.9 44.7± 0.1 2253± 40 5306± 95 8.70± 0.06 45.68± 0.26 −0.90± 0.32
HE 1300−1325 10.7± 0.1 43.5± 0.1 2373± 19 5587± 43 8.11± 0.05 44.46± 0.24 −1.53± 0.29
HE 1310−1051 24.9± 0.8 43.6± 0.1 1425± 61 3359± 253 7.72± 0.08 44.55± 0.25 −1.04± 0.32
HE 1315−1028 3.3± 0.1 43.7± 0.1 2087± 56 4937± 62 8.10± 0.05 44.65± 0.25 −1.33± 0.31
HE 1335−0847 17.5± 0.8 44.2± 0.1 3393± 542 1455± 74 7.32± 0.07 45.18± 0.26 −1.49± 0.41
HE 1338−1423 25.1± 0.5 43.7± 0.1 1120± 84 1671± 63 7.20± 0.06 44.73± 0.25 −0.75± 0.33
HE 1405−1545 2.6± 0.1 44.2± 0.1 1323± 17 3114± 36 8.00± 0.06 45.22± 0.26 −0.65± 0.32
HE 1416−1256 5.3± 0.4 44.1± 0.1 2242± 44 5279± 126 8.41± 0.07 45.13± 0.27 −1.16± 0.33
HE 1434−1600 22.7± 0.4 44.9± 0.1 2646± 38 6230± 86 8.94± 0.05 45.87± 0.24 −0.94± 0.29
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Figure 6. Comparison of AGN bolometric luminosity or BH mass accretion rate against the molecular gas content for disc-dominated and major merger host
galaxies (left panel) and bulge-dominated host galaxies (right panel). The different symbols and colours are consistent with Fig. 5. The dashed green and
dashed-doted blue line correspond to the SFR-Lbol correlation reported by Mullaney et al. (2012) and Chen et al. (2013) assuming a gas depletion time scale
of 109 yr typical for galaxies on the star-forming main sequence. The black line correspond to a simple model where the radial gas distribution is following a
Sersić-like profile with Sersić index n and an effective radius of 4 kpc of which only the inner 100 pc is fueling the BH over a 107 yr. We also roughly indicate
the region in which we certainly lack objects due to the flux-limited AGN selection as the grey shaded area. The area is just approximate, but highlights that
the data points do not represent a true correlation but rather an upper envelope.

with Kendall’s tau correlation coefficient of 0.45 and a probabil-
ity that the two quantities are uncorrelated of < 0.01%. Only two
disc-dominated QSOs with apparently low molecular gas content
appear as strong outliers from the overall trend. Interestingly, no
statistically significant correlation is found for the bulge-dominated
QSO host galaxies at all. The nature of the correlation for the disc-
dominated and merger QSO host sample is surprising because it is

unclear why the accretion happening on very small scale should be
linked to the gas mass of the entire galaxy.

The first thing we want to emphasize is that we use a flux-
limited QSO sample that consists only of the brightest QSOs. This
is supported by the Eddington ratio distribution of our sample im-
plying that most of our QSOs accrete at 10% of the Eddington
limit. However, the AGN luminosity varies on timescales of less
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then 107 yr which is much smaller than the gas depletion time scale
for normal star forming galaxies. Thus, most massive galaxies with
high molecular gas content are currently not in a bright AGN phase
with a luminosity below the sample selection. Hence it is a sam-
ple selection effect that we miss galaxies with high molecular gas
masses and low AGN luminosities. We would expect a weak or
no correlation if we had selected a small sample of galaxies based
on host galaxy properties, e.g. stellar mass, because we only rely
on instantaneous AGN luminosities instead of a long-term average
(see Hickox et al. 2014, for a discussion on this issue).

Nevertheless, we know from the primary AGN sample selec-
tion that we capture AGN accreting close to the Eddington limit, so
that the QSO sample studied here is representative for all high lu-
minosity AGN. Since we are not selecting AGN based on their host
galaxy properties we cover several luminous AGN with a low gas
content although we could only observe a few systems with low up-
per limits in the SFR for the 12CO(1−0) follow-up given the long
exposure times. Strikingly, we detect those kind of AGN hosts al-
most exclusively in bulge-dominated QSOs for which have a lower
gas fraction as shown previously, but not among the disc-dominated
systems. The clear trend recovered for disc-dominated QSO hosts
means that either the accretion rate is already saturated, which is
unlikely given that most AGN are still below the Eddington limit,
or that the accretion is limited by the gas reservoir provided by the
galaxy. In the latter case we would interpret the trend as an upper
boundary of the AGN fueling efficiency of a galaxy rather than a
proper correlation.

Although we are not able to discriminate those two scenarios,
we want to explore a physical origin of the relation between BH
accretion rate and total SFR or gas mass which should be tightly
linked. Here, we test whether a well-defined relation between the
total gas content and its surface brightness distribution can account
for our observations with reasonable parameters. We assume a Ser-
sić profile for the radial surface brightness distribution with Sersić
index n and effective radius Re as guided by the stellar light dis-
tribution of galaxies where n ranges between 1 and 4. We adopt an
effective radius of 4 kpc which is a realistic value for the galaxies
we have in our QSO sample despite some scatter. In order to con-
vert the gas surface density into a time-averaged AGN luminosity
we assume that the AGN will eat up all the gas within < 100 pc
constantly during a duty cycle of τAGN ∼ 107 yr with a standard
radiation efficiency of η = 0.1. We show the corresponding rela-
tion between gas mass and AGN luminosity for n = 1, n = 2 and
n = 4 in Fig. 6. Such a simple model with 1 < n < 2 is indeed
consistent with the observations and does not require very unrealis-
tic numbers, although many assumed parameters are not well con-
strained and a significant scatter for the parameters of individual
systems likely exists. The relations we predict in this way are close
in the slope and absolute normalization to the AGN luminosity–
SFR relations reported by Mullaney et al. (2012) and Chen et al.
(2013) if we simply assume a gas depletion time scale of 1 Gyr to
convert the SFR to molecular gas content. However, the relation of
Rosario et al. (2012) for low redshift objects is significantly offset
toward higher relative gas masses, which is likely caused by the
different selection on SFR and not on AGN luminosity.

Interestingly, the bulge-dominated QSO host galaxies are able
to reach a significantly higher BH accretion rate at a given molec-
ular gas mass compared to their disc-dominated counterparts. We
verify this by computing a difference in gas mass ∆MH2 with re-
spect to the gas mass expected from Lbol based on our toy model
with n = 1 as described above. Comparing the distributions of
∆MH2 including the censored data shows that both samples are

not drawn from the same parent population at >95% confidence.
This significant difference may be caused by (a) the expulsion of
a significant fraction of molecular gas in bulge-dominated QSO
hosts due to AGN feedback, (b) the heating of gas to higher av-
erage gas temperatures which reduces the ability of the ISM to
form molecular gas, or (c) a steeper radial surface gas density dis-
tribution or much more compact gas discs (Davis et al. 2013) in
bulge-dominated galaxies which naturally leads to higher ratio of
circum-nuclear to total gas content. With the current data we can-
not discriminate between those scenarios and even a combination
of those effects is possible.

4 DISCUSSION

4.1 The cold molecular gas content and the star formation

efficiency in luminous QSOs

If luminous AGN are able to drive large-scale gas outflow to quench
star formation, a significant lower molecular gas content would be
expected compared to non-AGN galaxies. Only few studies so far
have systematically investigated the cold gas content and the star
formation efficiency in AGN host galaxies as the primary driver
for star formation. The molecular gas content of various small
samples of low-redshift QSOs have been observed over the years
(e.g. Scoville et al. 2003; Bertram et al. 2007; Villar-Martín et al.
2013), which generally turned out to be rich in molecular gas as
expected for non-AGN disc-dominated galaxies. Ho et al. (2008)
and Fabello et al. (2011) compared the total HI atomic gas con-
tent of nearby AGN host galaxies and non-AGN galaxies and also
reported no significant difference. A different result at very low
redshift z < 0.03 was presented by Saintonge et al. (2012) based
on the COLD GASS survey. They found that AGN host galaxies
have a lower molecular gas content than a matched control sample
of non-AGN galaxies. However, a potential issue in the interpreta-
tion is caused by the fact that their AGN sample is dominated by
Low-Ionisation Nuclear Emission Regions (LINERs) in which the
emission maybe pre-dominantly powered by post-AGB stars rather
than low-luminosity AGN (e.g. Singh et al. 2013).

Observations of molecular gas have been difficult in luminous
QSOs at z > 1, but became possible with NOEMA and ALMA.
Brusa et al. (2015b) reported a significantly lower molecular gas
content for a single QSOs with a strong ionized gas outflow. Ex-
tending these observations to a larger sample of 11 QSOs with
ALMA seems to confirm this trend (Kakkad et al. 2017). The lower
gas content also implies a higher star formation efficiency based on
the FIR luminosity of the host galaxies, which may be caused by
positive feedback of the AGN or by a different timescale of the star
formation and AGN phase that wash out any causal connection.

In this work, we present new molecular gas observations for
a low-redshift sample of QSOs. The advantage of this sample is
that star formation rates can be inferred based on Hα using optical
integral-field spectroscopy in a spatially-resolved fashion (see Pa-
per I for details). Furthermore, we consider different morphological
types provided by the deep optical imaging (Jahnke et al. 2004b),
which reveal an important indication of the evolutionary history of
the systems. By separating the galaxies in disc-dominated, ongoing
major mergers and bulge-dominated host galaxies, we can study
the properties of pre-merging, merging and post-merging AGN host
galaxies separately.

For our disc-dominated QSO hosts we find that the gas frac-
tions and depletion times are fully consistent with that of non-AGN
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star forming galaxies and follow the global Kennicutt-Schmidt re-
lation with just two exceptions. This is in agreement with previous
works at low redshift that the majority of luminous QSOs reside in
gas-rich galaxies. Thus, AGN are apparently not able to efficiently
remove the cold gas nor change the star formation efficiency in
these host galaxies. This may be unsurprising because the AGN
radiation is not isotropic in the framework of the AGN unifica-
tion scheme and the released energy will more easily accelerate
the low density gas along the galaxy poles. Recent high-resolution
numerical simulation of the AGN feedback in disc-dominated sys-
tems found that the AGN had little impact (e.g. Gabor & Bournaud
2014) consistent with our observational data. The data for the two
disc-dominated QSOs exhibit an exceptionally low molecular gas
content. In these cases, we are not yet able to causally link the low
gas content directly to AGN feedback event without resolving the
outflow itself.

A high gas fraction and shorter depletion time, hence higher
star formation efficiency, is observed for our ongoing major merg-
ers. In both cases we find the star formation to be concentrated
in a few regions, which leads to high gas surface densities. This
is expected from numerical simulations (e.g. Mihos & Hernquist
1996; Di Matteo et al. 2007; Hopkins et al. 2013) and observed in
many starburst galaxies with and without AGN (e.g. Liu et al. 2012;
Schmidt et al. 2013; Davies et al. 2015). It is interesting to note in
this respect that the major merger system HE 1254−0934 shows
two nuclei in continuum light separated by 8 kpc containing the
QSO and the starburst region, respectively. This naturally limits
the AGN to influence the gas content just by geometrical consid-
erations. It remains unclear whether the primary nucleus with the
starburst also hosts a SMBH as expected during a major merger
that could become active at later times to expel the cold gas in this
region with some time delay.

Most interesting in this respect are the bulge-dominated QSO
host galaxies. They have been reported to exhibit significantly
bluer colors than non-AGN counterparts (e.g. Jahnke et al. 2004b;
Sánchez et al. 2004; Zakamska et al. 2006; Silverman et al. 2008;
Floyd et al. 2013). We confirm with the 3D spectroscopy that
the exceptionally blue colors of the bulge-dominated systems
(Jahnke et al. 2004b) are directly related to ongoing star formation
placing those galaxies on the main-sequence of star formation in
most cases (see Paper I). The 12CO(1 − 0) observations reported
here usually lead to only upper limits except in one case, which
implies that the depletion time scales are, on average, shorter com-
pared to the disc-dominated galaxies. There are three plausible sce-
narios to explain the higher star formation efficiency in the bulge-
dominated system:

• a recent remnant from a major merger with a remaining
centrally-concentrated reservoir of gas
• re-rejuvenation with cold gas provided by one or several gas-

rich minor mergers
• enhanced star formation efficiency caused by positive AGN

feedback

The first scenario may be the most popular one. Assuming a
gas rich major merger with MH2 > 1010M⊙ would still allow
AGN feedback to expel most of the gas during the major merger
with a remnant gas fraction that we would observe now after coales-
cence (e.g. Di Matteo et al. 2005). That the bulge-dominated sys-
tems are currently on the main-sequence of star formation may still
be a significant reduction of the SFR if they had an enhanced SFR
during the actual merger. However, one issue is that no obvious
tidal features are usually seen in the available ground-based images.

This is not an issue of depth since tidal features and/or minor com-
panions are seen in disc-dominated systems, e.g. HE 1019−1414 or
HE 1239−2426, as shown in Jahnke et al. (2004b). It still remains
possible that even at the depth of 25.7 mag/arcsec2 in V band we
may miss faint tidal features of a merger event about ∼1 Gyr ago.
Such a long time delay between the starburst and the AGN phase
along the merger sequence (e.g. Wild et al. 2010; Schawinski et al.
2010) could prevent the detection of signature from the past merger,
but also means that any causal connection between the merger and
current activity is obscure and ambiguous.

On the contrary, the molecular gas may be recently added
through minor mergers that re-rejuvenated an already passive
bulge-dominated galaxies as suggested by Hasinger (2008) or
Khalatyan et al. (2008), to give two examples. In this scenario, no
AGN feedback is needed as the SFR as well as the BH accretion is
simply driven by the availability of the gas reservoir without the
need for direct feedback. Since even quiescent bulge-dominated
galaxies do contain a cold gas reservoir (Young et al. 2011), the
enhanced levels of star formation may be caused by positive AGN
feedback where shocks are able to over-pressurize the gas consider-
ing the minor mergers allow may lead to suppressed star fromation
rate (Davis et al. 2015)

4.2 The link between BH and galaxy growth

The connection between the level of BH accretion, correspond-
ing to AGN luminosity, and galaxy growth through star formation
has been a key area of AGN research. It is fundamentally linked
to the nature of the fueling and feedback of AGN. The various
studies reached quite different conclusions. For example, Netzer
(2009a) reported a tight log-linear correlation at z < 0.1 between
AGN luminosity and SFR over several orders of magnitude based
on the SDSS spectroscopic by including problematic LINERs as
low-luminosity AGN. Similar linear trends over a more limited lu-
minosity range were also reported by Mullaney et al. (2012) and
Chen et al. (2013). Probing the SFR of AGN host galaxies in var-
ious redshift bins out to z < 2.5, Rosario et al. (2012) revealed a
non-linear relation in the sense that the SFR becomes independent
of AGN luminosity at low BH accretion rates. Several other stud-
ies also reported no correlation between AGN luminosity and SFR
at all (Azadi et al. 2015; Stanley et al. 2015; Shimizu et al. 2016).
In the light of this unsolved issues we compared the molecular gas
content as the primary driver for star formation with the BH accre-
tion rate for our QSO sample and a collection of additional data of
QSOs at redshift z < 0.3 from the literature.

We recover a positive correlation of molecular gas mass with
BH accretion considering only disc-dominated and major merger
host galaxies. This is qualitative in agreement with the work by
Maiolino et al. (2007), but they combined samples up to redshift
z = 5 so that their result may be primarily driven by redshift and
not by intrinsic accretion rate. Furthermore, one has to be careful
to directly interpret the positive trend as proof for BH and galaxy
co-evolution since Volonteri et al. (2015) has shown that the results
strongly depend on whether the sample is selected/binned in BH
accretion or SFR (or equivalently molecular gas mass). Indeed, a
lot of disc galaxies with a substantial gas reservoir are non-AGN
galaxies with a very low BH accretion rate. This is a direct conse-
quence of the AGN variability given the semi-stochastic process of
BH accretion in which a circum-nuclear gas reservoir is a necessary
but not sufficient requirement for BH accretion (e.g. Hickox et al.
2014).

Since our galaxy sample is selected to host actively accreting
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BHs by design, the circum-nuclear gas reservoir may be consid-
ered the primary limitation of the BH accretion rate. Of course,
bigger BHs can accrete more matter, given their Eddington limit,
and artificially produce the trend found here. We can rule this out
for our sample because we confirmed that any trend of molecular
gas mass with Eddington ratio or BH mass is statistically much
weaker. It still remains difficult to explain why the correlation be-
tween the BH accretion, potentially driven by the circum-nuclear
gas mass, should be significantly correlated with the total gas mass
of a galaxy on several kpc scales. With the aid of our toy model
we show that invoking a global scaling relation between total and
circum-nuclear gas mass is consistent with the observations for
disc-dominated QSO host galaxies. It also reproduces previous em-
pirical relations between SFR and BH accretion naturally adopting
a depletion time scale of 1 Gyr.

Such a simple relation between total and circum-nuclear gas
content breaks down for the bulge-dominated QSO host galaxies.
Most of these systems in the sample have just upper limits for
the molecular gas masses. Depending on their redshift, those lim-
its are very stringent or slightly lower than that of the detected
disc-dominated systems. This already indicates that their gas con-
tent must be systematically lower at a given AGN luminosity than
their disc-dominated counterparts with high confidence. Consider-
ing cases such as HE 1029−1401 at z = 0.086 highlights that the
molecular gas content can be orders of magnitude lower to pro-
duce the equivalent BH accretion rate as expected from the disc-
dominated hosts. The apparently uncorrelated growth of the BH
with total molecular gas mass in bulge-dominated systems may
help to wash out any trend for the total AGN host galaxy popu-
lation depending on the details of the sample selection. Thus the
morphology of galaxies needs to be additionally considered when
the relation between BH accretion rate and total SFR/gas content is
studied for AGN host galaxies.

Still it remains open why the BH accretion rate is enhanced so
much in bulge-dominated galaxies in the light of the overall molec-
ular gas content. Invoking again a simple scaling relation between
circumnuclear gas surface density and the gas distribution on host
galaxy scales, naturally leads to a steeper radial surface density re-
lation or, alternatively, a much more compact gas disc. We already
find indications that the gas surface densities are indeed higher for
the bulge-dominated compared disc-dominated QSO host galaxies
indirectly through the higher star formation efficiencies and shorter
gas depletion times. Alternatively, it could also be indirect evidence
for negative AGN feedback that either removed a large fraction of
the outer molecular gas content or heated the gas is to much higher
temperatures not observable in the cold gas phase anymore. The
temperature brightness ratios of the CO(2-1)/CO(1-0) obtained for
our sample are not providing direct evidence for a higher cold gas
temperature, but the low-J line ratio is not a very sensitive measure
of the global gas temperature. Hence, more sensitive and higher res-
olution observations would be necessary in particular for the bulge-
dominated QSOs to verify the circumnuclear gas surface densities
and excitation conditions in the future with ALMA.

5 SUMMARY AND CONCLUSIONS

In this paper, we presented new 12CO(1−0) and 12CO(2−1) ob-
servations for a sample of 14 luminous nearby QSOs host galaxies
that we interpret in conjunction with the available optical integral-
field observations. This data set significantly extends the sample of
luminous unobscured QSOs with molecular gas mass estimates at

low redshift. Our main results of this work can be summarized as
follow:

• We detect the 12CO(1 − 0) emission-line in 8 of 14 tar-
gets (∼60%) with a clear preference for disc-dominated and major
merger systems with a detection rate of nearly 80%.
• The integrated 12CO(1 − 0) emission-line matches the

spatially-integrated Hα line profile indicating that both are tracing
star formation regions when averaged over kpc scales.
• We also detect 12CO(2 − 1) emission-line in 7 of 11 tar-

gets (∼60%). The corresponding r21 brightness temperature ratio
is close to 1 and ranges between 0.5 and 1.3. Some of the lowest
ratios may suggest that the CO emission is already sub-thermal at J
= 2 in these systems.
• While the disc-dominated QSO host galaxies exhibit similar

gas fractions and gas depletion time-scales compared to non-AGN
host galaxies, we find that bulge-dominated QSO hosts have sys-
tematically smaller gas fractions but shorter gas depletion times
given their elevated star formation rates. The two major mergers
in our sample show high gas fraction and rather short gas deple-
tion times as expected from simulations for strongly interacting
systems.
• We report a positive correlation between BH accretion rate

and total molecular gas mass for disc-dominated QSO host galaxies
after combining our sample with literature data. We interpret this as
an upper limit of BH accretion rate given our initial selection for the
most luminous QSO at the considered redshift. We can explain this
trend using a simply toy model that links the circum-nuclear gas
surface density with the total gas mass through a simple scaling
relation for discs.
• The BH accretion rate in bulge-dominated QSOs host galaxies

is significantly higher given their molecular gas content compared
to disc-dominated QSOs hosts. This may be explained either by
a more compact or steeper gas surface density gradient, removal
of the outer envelope of gas through feedback or a significantly
higher gas temperature leading to a different composition of the
ISM different phases. While we did not measure a higher CO line
excitation based on the r21 temperature brightness ratio, this needs
to be investigated with more excitation-sensitive observations.

Despite the relatively small sample size of this study, we can
confirm that the molecular gas content and star formation efficiency
at least in disc-dominated QSO hosts and major mergers is indistin-
guishable from the corresponding population of non-AGN galaxies.
Negative AGN feedback that either reduces the star formation effi-
ciency or significantly lowers the cold gas content through galactic
outflows is an implausible scenario for the majority of QSO hosts
studied in this work. This is unsurprising for disc-dominated galax-
ies because the coupling efficiency between the AGN and the disc
is assumed to be small due to the specific geometry and strong den-
sity gradients (Gabor & Bournaud 2014). If the majority of lumi-
nous AGN are hosted by disc-dominated system as observations
start to indicate (e.g. Schawinski et al. 2011; Cisternas et al. 2011;
Schawinski et al. 2012), it is easy to argue that galaxies and BHs
co-evolve together only limited by availability of gas to fuel with-
out the need for feedback. This may then explain why the cosmo-
logical evolution of the SFR density and the BH accretion rate den-
sity is similar with redshift as argued by Hickox et al. (2014). This
notion is further supported by the trend between total molecular gas
mass and BH accretion rate for low-redshift disc-dominated QSO
host galaxies, which we can explain by invoking a global scaling re-
lation between total gas mass and circum-nuclear gas surface den-
sity for gas rich discs.
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The bulge-dominated QSOs are the most interesting class of
objects in our sample. Since the red sequence of quiescent galax-
ies is dominated by bulge-dominated galaxies, feedback from BH
are naturally expected to primarily act on those galaxies (e.g.
Schawinski et al. 2006). Interestingly, our bulge-dominated QSOs
indeed exhibit a lower molecular gas mass fraction than would be
naïvely expected if an outflow had wiped out most of the cold gas
content. However, the galaxies are not quiescent, and often show
specific SFRs consistent with disc-dominated galaxies which leads
to shorter gas depletion times. This rules out the standard form
of negative AGN feedback to quench star formation and rather
points to positive AGN feedback in the current phase of activity.
Nevertheless, we should not forget the relatively short life time of
AGN and their potential stochastic activity (e.g. Hickox et al. 2014;
Schawinski et al. 2015). A shock front at the speed of 1000 km/s
requires about 106 yr to reach out to 1 kpc distance from the BH.
This means that depending on the actual life time of AGN, we may
only be able to directly measure the effect of AGN feedback and
outflows when the AGN already turned off. In this scenario, we are
observing the bulge-dominated QSOs still in the phase before they
totally cease their star formation.
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