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Fig. 10. – The expected (red line) and observed (blue line) galaxy luminosity function. The dis-
crepancies in the low- and high-mass ends is probably due to SN and AGN feedback, respectively.
Figure from [49].

e�ciency). As shown schematically in fig. 10, a single value can be calculated so that the
observed and the theoretically predicted curves overlap at M⇤. However, their shapes are
di↵erent, since stellar mass does not necessarily follow halo mass. Assuming a universal
mass-to-light ratio leads to too many small galaxies, too many big galaxies in the nearby
Universe, too few red massive galaxies at high redshift and too many baryons in galactic
halos. There are additional problems, such as overconcentration and excessive cuspiness
in simulated dark matter halos.

The resolution of all these problems must be related to the dynamics of baryons
within the dark matter halos, and more specifically the feedback mechanisms that would
lower star formation e�ciency on various scales. Possible sources of feedback include
supernovae, photoionization, massive stellar winds, tidal disruption, input from active
galactic nuclei and cosmic reionization. Below we will discuss some of the issues related
to feedback, focusing primarily on dwarf galaxies. A more complete treatment is given
in several recent reviews [51, 49].

4

.2. Supernova-driven winds . – One of the possible feedback mechanisms that may
suppress star formation is galactic winds driven by the star formation process itself
[52, 53]. After an initial population of stars has formed, a certain fraction of those stars
(depending on the IMF) explode as supernovae, releasing large amounts of energy into
the surrounding medium. If the outflow is accelerated to a velocity that is higher than the
escape velocity of the galaxy, it is ejected into the IGM, suppressing the star formation
rate. Such outflows have been detected in many systems and are believed to be the
primary mechanism by which metals are deposited into the IGM [54].

Whether or not this process can significantly a↵ect star formation e�ciency depends

Silk+2012
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Liu+2013a,b
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outflows with high 
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luminous quasars
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several groups

blue/redshifted extreme velocities high negative asymmetries

Observations of RQ quasar feedback – II 2579

Figure 1. SDSS J0841+2042. Upper row: the maps of reduced χ2 values for fits with 1, 2 and 3 Gaussian components. Lower row: the flag map showing
the number of Gaussian components used for fits, the intensity map of the [O III] λ5007 Å recovered by our multi-Gaussian fits (logarithmic scale, in units of
10−14 erg s−1 cm−2 arcsec−2) and the [O III] map from Paper I created by collapsing the continuum-subtracted IFU data cube with the S/N = 5 threshold used
in Paper I overlaid (note that S/N refers to the integrated line intensity in Paper I, but to the peak of the line in Figs 3 and 5).

Figure 2. Example Gemini IFU spectra in the vicinity of the [O III] λ5007 Å line in two individual spaxels, fitted by 3 Gaussian components. These spectra
are from SDSS J0321+0016 and SDSS J1039+4512, respectively. The fitted line is in orange, while the blue dotted lines are the Gaussian components. The
median velocity is denoted by a red dashed line, and the velocity range used for calculating W80 is shown by a grey box.

discrepancy between the data and the best-fitting model is purely
accidental.

To determine whether M or N Gaussians (for M > N) should be
used, we calculate the p-values (pM and pN) that the minimized χ2-
value and ν correspond to, respectively. We then choose a threshold
of 0.01, which is a widely used fiducial criterion of significance level
for hypothesis testing in statistics. In the case of pM ≥ 0.01, the data
are relatively easy to fit. Thus, we neglect the 0.01 difference and
adopt the smaller N as long as pM − pN < 0.01. If pM < 0.01, the
data are more difficult to fit, therefore we have stronger inclination
to adopting M components, and adopt N only if pM < pN.

In general, pM > pN holds because an increased number of pa-
rameters improves the fits, but pM < pN may occur when the line
has multiple features due to the signal and/or the noise, in which
case the M- and N-Gaussian fits may trace different (real or false)
features and lead to various results. The result of this procedure
for SDSS J0841+2042 is shown in Fig. 1, where the pixel value
denotes the number of Gaussians we adopt at each position. As
revealed by this figure, the bright central area generally requires

three Gaussians, while the outer faint regions often prefer fewer
components. In Fig. 2, we show example spectra that are fitted by
three Gaussian components.

2.3 Non-Parametric measurements

Conventionally, non-parametric measurements of emission-line
profiles are carried out either by measuring velocities at various
fixed fractions of the peak intensity (Heckman et al. 1981; FWHM
is the standard example), or by measuring velocities at which some
fraction of the line flux is accumulated (Whittle 1985). We mainly
adopt the latter parametrization in this paper because its integral
nature makes it relatively insensitive to the quality of the data, as
pointed out by Veilleux (1991). After each profile is fitted with
multiple Gaussian components, we use the fits to calculate the cu-
mulative flux as a function of velocity:

$(v) ≡
∫ v

−∞
Fv(v′) dv′. (1)
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Fig. 4.— Fits to the Hβ+[OIII] blend in the four extremely red quasars observed with VLT. A linear continuum anchored at 4750Å and
5090Å is subtracted before fitting. The blue solid line shows the best two-Gaussian, kinematically tied fit to the entire complex, whereas
the red line assumes two Gaussian components for [OIII] and a single kinematically independent Gaussian for Hβ. The dotted lines display
just the [OIII]λ5007Å profile for both fits. The solid magenta vertical lines mark the locations of Hβ, [OIII]λ4959Å and [OIII]λ5007Å
in the frame associated with the centroid of Hβ in the kinematically untied fit. The red line is our preferred fit for SDSS J0834+0159,
SDSS J1232+0912 and SDSS J2323−0100, and the blue line is the preferred fit for SDSS J2215−0056 (in the latter case there is no statistical
difference between the two fits, thus the one with the lower number of parameters is preferred).

Fig. 5.— The best-fit profiles of [OIII]λ5007Å relative to the
centroid of Hβ, shown in velocity space. Solid grey marks the
part of the profile containing 90% of the line power (w90), whereas
vertical cyan lines mark v05, v10, v90, v95 (dotted) and the median
velocity of the profile v50 (solid).

than what is observed (Figure 6). From this we conclude
that the [NII] emission must be not nearly as blue-shifted
and broad as [OIII] and thus likely arises from a different
spatial region in these quasars.
In SDSS J0834+0159, SDSS J1232+0912 and

SDSS J2323−0100, we successfully fit the [NII]+Hα
blend with a model that uses the same constraints on
Hα as above (one-Gaussian kinematics fixed to that of
Hβ, with Case B constraint on the minimal Hα flux) but
allows for kinematics of [NII] independent from those of
[OIII] (Table 1). One Gaussian component for [NII] is
sufficient to produce adequate fits. In all three objects,
the final Hα/Hβ ratio is consistent with Case B values,
even though a larger ratio is allowed by the fit, and in
fact without the lower bound the preferred Hα/Hβ ra-
tios are smaller by as much as 50% than the Case B
values (the most discrepant object is SDSS J0834+0159,
where unfortunately the absolute flux calibration of the
spectral region covering Hα is the most uncertain). One
possible explanation is that in fact the true Hα/Hβ ra-
tios are smaller than Case B, which is difficult (Gaskell
& Ferland 1984), but not impossible (Korista & Goad
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A&A 537, L8 (2012)

Fig. 4. Map of the narrow component of Hα with contours tracing the [OIII] velocity shift (left panel) and velocity dispersion (right panel), as in
Fig. 2. Star formation, traced by Hα, is heavily suppressed in the SE region where the strongest outflow is traced by [OIII].

Hα, confirming that the latter is tracing star formation and not
the quasar NLR.

We mention that the map of the [OIII] narrow component
(shown in the appendix) is also characterized by a similar asym-
metry towards the NE, suggesting that some of the [OIII] narrow
line is associated with star formation. However, the asymmetry
is less clean than observed for the Hα narrow component, likely
because of NLR contribution to [OIII] and because of the blend-
ing with the “broad” [OIII] component.

The integrated emission of the narrow Hα yields a total star
formation rate in the host galaxy of about 100 M⊙ yr−1 (by us-
ing the conversion factor given in Kennicutt 1998), which is
not unusual in high-z quasars (e.g. Lutz et al. 2008). However,
the most interesting result is that the star formation is heavily
suppressed in the SE region, which is characterized by the ex-
cess of outflow with high-velocity dispersion. In Fig. 4 (left) the
white contours identify the strongest gas outflow traced by the
highly blueshifted [OIII] line, as in Fig. 2 (left), while in Fig. 4
(right) the white contours identify the highest velocity disper-
sion region, as in Fig. 2 (right), which is likely the region where
the strong outflow interacts with the host galaxy disk. We sug-
gest that the heavy suppression of star formation in the region of
strongest quasar-driven outflow among the first direct observa-
tional proofs of quasar feedback onto the host galaxy quenching
star formation at high redshift, as predicted by models.

4. Conclusions

By using near-IR integral field spectroscopic observations we
have revealed a powerful outflow in the host galaxy of the quasar
2QZ0028-28 at z = 2.4. The outflow was revealed by the ve-
locity field traced by the [OIII]λ5007 line, redshifted into the
H-band. We estimated that the outflow rate of ionized gas is
about 200 M⊙ yr−1, which is, however, a lower limit of the total
gas outflow rate. Both the high outflow velocity (>1000 km s−1)
and the fact that the wind is mostly traced by the [OIII] line (pro-
duced primarily in the NLR) strongly suggest that the outflow is
mostly driven by the quasar. The outflow is not symmetric, the
highest velocities and highest velocity dispersion are found in
the region SE of the nucleus.

In the K-band, our data clearly reveal the presence of narrow
Hα emission tracing star formation in the host galaxy, on scales
of several kpc and with a rate of about 100 M⊙ yr−1. However,
star formation is not distributed uniformly in the host galaxy,
but is mostly found in the regions not directly invested by the
strong outflow. Instead, star formation is heavily suppressed in
the SE region where the strongest outflow is detected. This ob-
servational result supports models invoking quasar feedback to
quench star formation in massive galaxies at high redshift.
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ments. M.C.D. is supported by the Marie Curie Initial Training Network ELIXIR
under the contract PITN-GA-2008-214227 from the European Commission.
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Fig. 11. Relation between the SFR and the three parameters characterizing the outflow (⌫blue, �⌫o↵set, �⌫�[O III]) for the starburst dominated quasars
(blue points, top panel) and the AGN dominated quasars (red points, bottom panel). There is no clear relation between outflow and SF considering
the AGN and SB dominated quasars. If we consider only the SFd-dominated objects (blue points) a positive trend emerges, although with a weak
significance and a large scatter.
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Fig. 12. Histogram of the distribution of the three parameters characterizing the outflow. The red dashed line marks the median of the distribution.
From left to right: ⌫blue, �⌫o↵set , �⌫�[O III]. The green hatched area represents the radio loud quasars.

We note an increase in the mean star formation rate with
redshift with a similar slope in the two groups. This is ex-
pected because it is well known that the cosmic star forma-
tion rate peaks around z ⇠ 2–3, after which it decreases by
an order of magnitude to the present Universe (e.g. Hopkins
et al. 2006). More importantly, we find that the star forma-
tion rate is similar in the two groups of quasars and, typically,
strong-outflow quasars show values only slightly larger than
weak-outflow quasars, even excluding the radio loud quasars. In
each redshift bin the discrepancies between the median values
in the two groups are slightly reduced if radio loud galaxies are

excluded from the analysis. We have found no evidence that the
SF in the host is suppressed in the presence of strong outflows
comparing the SFR in bin of redshift in quasars characterized by
strong or weak outflow signatures.

5. Main sequence of quasar host galaxies

One of the best ways to take into account the e↵ects due to
di↵erent galaxy masses is to normalize the SFR to the stellar
mass obtaining the so-called specific star formation rate (sSFR).
However, given the di�culties in measuring stellar masses in

A148, page 10 of 18
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Liu+2013a,b
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of galaxy-wide 
outflows with high 
velocity 
dispersions in 
luminous quasars

now seen by 
several groups

blue/redshifted extreme velocities high negative asymmetries

Observations of RQ quasar feedback – II 2579

Figure 1. SDSS J0841+2042. Upper row: the maps of reduced χ2 values for fits with 1, 2 and 3 Gaussian components. Lower row: the flag map showing
the number of Gaussian components used for fits, the intensity map of the [O III] λ5007 Å recovered by our multi-Gaussian fits (logarithmic scale, in units of
10−14 erg s−1 cm−2 arcsec−2) and the [O III] map from Paper I created by collapsing the continuum-subtracted IFU data cube with the S/N = 5 threshold used
in Paper I overlaid (note that S/N refers to the integrated line intensity in Paper I, but to the peak of the line in Figs 3 and 5).

Figure 2. Example Gemini IFU spectra in the vicinity of the [O III] λ5007 Å line in two individual spaxels, fitted by 3 Gaussian components. These spectra
are from SDSS J0321+0016 and SDSS J1039+4512, respectively. The fitted line is in orange, while the blue dotted lines are the Gaussian components. The
median velocity is denoted by a red dashed line, and the velocity range used for calculating W80 is shown by a grey box.

discrepancy between the data and the best-fitting model is purely
accidental.

To determine whether M or N Gaussians (for M > N) should be
used, we calculate the p-values (pM and pN) that the minimized χ2-
value and ν correspond to, respectively. We then choose a threshold
of 0.01, which is a widely used fiducial criterion of significance level
for hypothesis testing in statistics. In the case of pM ≥ 0.01, the data
are relatively easy to fit. Thus, we neglect the 0.01 difference and
adopt the smaller N as long as pM − pN < 0.01. If pM < 0.01, the
data are more difficult to fit, therefore we have stronger inclination
to adopting M components, and adopt N only if pM < pN.

In general, pM > pN holds because an increased number of pa-
rameters improves the fits, but pM < pN may occur when the line
has multiple features due to the signal and/or the noise, in which
case the M- and N-Gaussian fits may trace different (real or false)
features and lead to various results. The result of this procedure
for SDSS J0841+2042 is shown in Fig. 1, where the pixel value
denotes the number of Gaussians we adopt at each position. As
revealed by this figure, the bright central area generally requires

three Gaussians, while the outer faint regions often prefer fewer
components. In Fig. 2, we show example spectra that are fitted by
three Gaussian components.

2.3 Non-Parametric measurements

Conventionally, non-parametric measurements of emission-line
profiles are carried out either by measuring velocities at various
fixed fractions of the peak intensity (Heckman et al. 1981; FWHM
is the standard example), or by measuring velocities at which some
fraction of the line flux is accumulated (Whittle 1985). We mainly
adopt the latter parametrization in this paper because its integral
nature makes it relatively insensitive to the quality of the data, as
pointed out by Veilleux (1991). After each profile is fitted with
multiple Gaussian components, we use the fits to calculate the cu-
mulative flux as a function of velocity:

$(v) ≡
∫ v

−∞
Fv(v′) dv′. (1)
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QUASAR HOST GALAXIES

Liu+2013a,b, Wylezalek+2016a, Obied+2016

Galaxy-wide outflows

Scattering cones

Luminous quasar host 
galaxies are bulge-
dominated galaxies

High merger fraction

High star formation rates

2582 G. Liu et al.

Figure 3 – continued

As single-fibre and long-slit spectra demonstrate, the velocity
dispersion of the ionized gas in obscured quasars tends to be very
high, is uncorrelated with the stellar velocity dispersion of the host
galaxy and is unrelated to its rotation (Greene et al. 2009, 2011;

Villar-Martı́n et al. 2011). These observations suggest that the gas
is not in equilibrium with the potential of the host galaxy and may
be dynamically disturbed by the quasar. But it is hard to unambigu-
ously determine the three-dimensional geometry of gas motions just
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LARGER SAMPLES NEEDED
Suppression of star formation by quasar-driven winds? 3

Spectra(&(Kinema.cs(

Stellar(Masses(from(near4IR(

SFR(

Reyes+2008  
887 sources 

Good kinematics  
568 sources 

UKIDSS  
239 sources 
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LIR from  Artificial 
Neural Network 
(Ellison+2016) 
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0 sources 

Figure 1. Illustration of the selection process for the type-2 sources in our sample. We start out by using the two largest type-2 AGN
catalogs at intermediate redshift, both originally selected from the SDSS and step-by-step narrow down the samples depending on which
properties are measurable for the individual sources. We start o↵ by measuring their ionized gas kinematics, which reduces the Reyes
et al. (2008) sample by about a third. We then cross-correlate all sources with near-IR catalogs from the UKIDSS survey. Detections
in the near-IR are essential for deriving the stellar masses of the host galaxies. For the star formation rate measurements, we evaluate
as a final step, which sources have detections in either the far-IR from Herschel or Spitzer (photometry from Zakamska et al. (2016b),
H-ATLAS or HerS survey), mid-IR spectroscopy for PAH measurements from Zakamska et al. (2016b) or star formation rate estimates
from artificial neural network (ANN) analysis (Ellison et al. 2016). This selection provides us with 123 sources (66 of which have upper
limits on their star formation rates).

2.1 Type 2 AGN Sample I

We primarily draw our type-2 AGN from the Sloan Digital
Sky Survey (SDSS, York et al. 2000) candidates catalog
presented by Reyes et al. (2008). The sample was selected
based on emission line properties, such as emission line lu-
minosities and ratios characteristic of ionization by a hidden
AGN. For example, all sources are required to have a high
[OIII]�5007Å/H� ratio. This catalog contains 887 objects
at z < 0.8.

2.1.1 Gas kinematics

Because the sample is selected from SDSS spectroscopy, op-
tical spectra are available for all objects in the type-2 AGN
catalog of Reyes et al. (2008). Using these spectra, we use
non-parametric measurements that do not strongly depend
on a specific fitting procedure to determine the width of
the [OIII] emission line. We follow the measurement strat-
egy presented in e.g. Zakamska & Greene (2014) and Liu
et al. (2013b). Briefly, each profile is first fitted with multi-
ple Gaussian components to determine the cumulative flux
as a function of velocity:

�(v) =
Z v

�1
Fv (v0)dv0 (1)

For each spectrum, this definition is used to compute the
line widths W80 and W90 that enclose 80% and 90% of the
total flux, respectively. For a purely Gaussian profile, W80 is
closely related to the FWHM with W80 = 1.088⇥ FWHM,
but the non-parametric velocity width measurements are
more sensitive to the weak broad bases of non-Gaussian

emission line profiles (Liu et al. 2013b). We derive these
quantities for 568 sources in the Reyes et al. (2008) catalog
with log([OIII]/L� ) > 8.5 where these measurements are
most reliable.

2.1.2 Stellar Masses

The emission of a galaxy in the rest-frame near-IR is less af-
fected by recent star formation than emission in the optical.
It can thus can act as a good proxy for the well-established
stellar population, i.e. the total stellar mass of the system
(Kau↵mann & Charlot 1998; Brinchmann & Ellis 2000). The
UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al.
2007) is a near-IR sky survey using WFCAM on the UK
Infrared Telescope (UKIRT, Casali et al. 2007) in Hawaii,
that surveyed about 7500 deg2 of the Northern Sky and is
often considered to be the near-IR counterpart of the SDSS.
We use the UKIDSS data release 10 and cross-correlate the
UKIDSS catalogs with the 568 type-2 AGN from Reyes et al.
(2008) with reliable kinematic measurements using a pair-
ing radius of 1 arcsec. This cross-correlation results in 239
matches. We then utilize the SDSS optical photometric mea-
surements of these galaxies (ugriz) and the near-IR photom-
etry from UKIDSS to estimate the stellar masses Mstellar of
these 239 type-2 AGN. We follow the spectral energy distri-
bution (SED) fitting procedure described in Wylezalek et al.
(2016) using the Python package CIGALE (Code Investi-
gating GALaxy Emission, Noll et al. 2009). Details on the
fitting procedure and parameters can be found in Wylezalek
et al. (2016). Briefly, we utilize the Maraston (2005) stel-
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Figure 8. Specific star formation rate as a function of [OIII] velocity width, W90. The two sub-panels are identical, but each highlights
the data in a di↵erent SFR bin. The dashed line show a simple linear fit to the data which do not take into account the upper limits
on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which takes into account the
upper limit measurements. These fits are shown as long dashed lines. We detect a statistically significant negative correlation between
sSFR and W90 in high the high SFR bin. In the high SFR bin panel, we also highlight sources with log(Mstellar/M� ) > 10.7 and show the
resulting fit to the high mass data and its ±1� confidence region in the dark gray shaded region.

total bolometric AGN luminosity in order to avoid any biases
in our analysis.

The mid-infrared luminosities in type-2 quasars are
dominated by the quasar and not by the host galaxy (Lacy
et al. 2004; Stern et al. 2005) and are tracers for the total
luminosity of the AGN (Richards et al. 2006). The Wide
Infrared Survey Explorer (WISE; Wright et al. 2010) has
imaged the whole sky at 3.4,4.6,12 and 22µm and provides
band-matched all sky catalogs. All sources in this paper are
detected by WISE and we calculate K�corrected monochro-
matic luminosities at rest-frame 12µm. To do so, we in-
terpolate between the rest-frame 12 and 22µm fluxes us-
ing a power law to compute the rest-frame ⌫L⌫ at 12µm.
The sources in the total sample span infrared luminosities
43.4 < log(⌫L⌫,12µm/(erg/s)) < 46.7 with a mean luminosity
of log(⌫L⌫,12µm/(erg/s)) = 44.7. These mid-infrared based es-
timates for the total AGN luminosity are in excellent agree-
ment with the [OIII] based estimates, with a median ratio
between the two of 0.95± 0.01. This ratio is not expected to
be unity, as no bolometric correction has been applied to the
mid-IR luminosities. Since we are are utilizing ⌫L⌫ at 12µm
as a relative estimator for total AGN luminosity, we abstain
here from applying a bolometric correction.

We then divide up our galaxies into three groups
of mid-IR luminosity: one low luminosity regime 43.4 <
log(⌫L⌫,12µm/(erg/s)) < 44.2, one high luminosity regime
log(⌫L⌫,12µm/(erg/s)) > 44.9 and one intermediate luminos-
ity regimes (44.2 < log(⌫L⌫,12µm/(erg/s)) < 44.9). Figure 7
shows the sSFR as a function of W90, color coded by L⌫

at 12µm. The three subpanels show the same data, each of
them highlighting a di↵erent luminosity regime using bolder
symbols.

We first perform a Spearman rank correlation test for
the data in each luminosity bin and do not detect a sig-
nificant correlation between the outflow strength W90 and
sSFR in any of the luminosity regimes. A Spearman rank
test results only in a probability of 50 � 70% of a correla-
tion. Additionally, we perform a Spearman rank correlation
test in each luminosity bin but this time only taking into ac-
count sources with log(Mstellar/M� ) > 10.7. These measure-
ments are least a↵ected by the limiting magnitude K = 18.3
of the UKIDSS survey which otherwise might introduce a
redshift-dependent lower mass limit on our data. We elab-
orate on this possible bias in more detail in the next sub-
section, but note here that no correlation arises even if only
high mass sources are considered. For illustration, we high-
light all sources with log(Mstellar/M� ) > 10.7 in dark gray
circles in the panel which focuses on the highest bin of ⌫L⌫ .

The lack of a correlation between W90 and sSFR for
AGN selected on their mid-IR luminosity shows AGN power
is not the only and probably also not the most important
driver in regulating sSFR in AGN host galaxies. In the next
Section we therefore investigate how the host galaxies’ gas
content impacts sSFRs.
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Figure 8. Specific star formation rate as a function of [OIII] velocity width, W90. The two sub-panels are identical, but each highlights
the data in a di↵erent SFR bin. The dashed line show a simple linear fit to the data which do not take into account the upper limits
on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which takes into account the
upper limit measurements. These fits are shown as long dashed lines. We detect a statistically significant negative correlation between
sSFR and W90 in high the high SFR bin. In the high SFR bin panel, we also highlight sources with log(Mstellar/M� ) > 10.7 and show the
resulting fit to the high mass data and its ±1� confidence region in the dark gray shaded region.

total bolometric AGN luminosity in order to avoid any biases
in our analysis.

The mid-infrared luminosities in type-2 quasars are
dominated by the quasar and not by the host galaxy (Lacy
et al. 2004; Stern et al. 2005) and are tracers for the total
luminosity of the AGN (Richards et al. 2006). The Wide
Infrared Survey Explorer (WISE; Wright et al. 2010) has
imaged the whole sky at 3.4,4.6,12 and 22µm and provides
band-matched all sky catalogs. All sources in this paper are
detected by WISE and we calculate K�corrected monochro-
matic luminosities at rest-frame 12µm. To do so, we in-
terpolate between the rest-frame 12 and 22µm fluxes us-
ing a power law to compute the rest-frame ⌫L⌫ at 12µm.
The sources in the total sample span infrared luminosities
43.4 < log(⌫L⌫,12µm/(erg/s)) < 46.7 with a mean luminosity
of log(⌫L⌫,12µm/(erg/s)) = 44.7. These mid-infrared based es-
timates for the total AGN luminosity are in excellent agree-
ment with the [OIII] based estimates, with a median ratio
between the two of 0.95± 0.01. This ratio is not expected to
be unity, as no bolometric correction has been applied to the
mid-IR luminosities. Since we are are utilizing ⌫L⌫ at 12µm
as a relative estimator for total AGN luminosity, we abstain
here from applying a bolometric correction.

We then divide up our galaxies into three groups
of mid-IR luminosity: one low luminosity regime 43.4 <
log(⌫L⌫,12µm/(erg/s)) < 44.2, one high luminosity regime
log(⌫L⌫,12µm/(erg/s)) > 44.9 and one intermediate luminos-
ity regimes (44.2 < log(⌫L⌫,12µm/(erg/s)) < 44.9). Figure 7
shows the sSFR as a function of W90, color coded by L⌫

at 12µm. The three subpanels show the same data, each of
them highlighting a di↵erent luminosity regime using bolder
symbols.

We first perform a Spearman rank correlation test for
the data in each luminosity bin and do not detect a sig-
nificant correlation between the outflow strength W90 and
sSFR in any of the luminosity regimes. A Spearman rank
test results only in a probability of 50 � 70% of a correla-
tion. Additionally, we perform a Spearman rank correlation
test in each luminosity bin but this time only taking into ac-
count sources with log(Mstellar/M� ) > 10.7. These measure-
ments are least a↵ected by the limiting magnitude K = 18.3
of the UKIDSS survey which otherwise might introduce a
redshift-dependent lower mass limit on our data. We elab-
orate on this possible bias in more detail in the next sub-
section, but note here that no correlation arises even if only
high mass sources are considered. For illustration, we high-
light all sources with log(Mstellar/M� ) > 10.7 in dark gray
circles in the panel which focuses on the highest bin of ⌫L⌫ .

The lack of a correlation between W90 and sSFR for
AGN selected on their mid-IR luminosity shows AGN power
is not the only and probably also not the most important
driver in regulating sSFR in AGN host galaxies. In the next
Section we therefore investigate how the host galaxies’ gas
content impacts sSFRs.
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potentially strongest

• relative signatures of AGN 
feedback

• decrease of sSFR driven by 
increase in stellar mass

• effect of galaxy potential negligible
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Figure 8. Specific star formation rate as a function of [OIII] velocity width, W90. The two sub-panels are identical, but each highlights
the data in a di↵erent SFR bin. The dashed line show a simple linear fit to the data which do not take into account the upper limits
on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which takes into account the
upper limit measurements. These fits are shown as long dashed lines. We detect a statistically significant negative correlation between
sSFR and W90 in high the high SFR bin. In the high SFR bin panel, we also highlight sources with log(Mstellar/M� ) > 10.7 and show the
resulting fit to the high mass data and its ±1� confidence region in the dark gray shaded region.

total bolometric AGN luminosity in order to avoid any biases
in our analysis.

The mid-infrared luminosities in type-2 quasars are
dominated by the quasar and not by the host galaxy (Lacy
et al. 2004; Stern et al. 2005) and are tracers for the total
luminosity of the AGN (Richards et al. 2006). The Wide
Infrared Survey Explorer (WISE; Wright et al. 2010) has
imaged the whole sky at 3.4,4.6,12 and 22µm and provides
band-matched all sky catalogs. All sources in this paper are
detected by WISE and we calculate K�corrected monochro-
matic luminosities at rest-frame 12µm. To do so, we in-
terpolate between the rest-frame 12 and 22µm fluxes us-
ing a power law to compute the rest-frame ⌫L⌫ at 12µm.
The sources in the total sample span infrared luminosities
43.4 < log(⌫L⌫,12µm/(erg/s)) < 46.7 with a mean luminosity
of log(⌫L⌫,12µm/(erg/s)) = 44.7. These mid-infrared based es-
timates for the total AGN luminosity are in excellent agree-
ment with the [OIII] based estimates, with a median ratio
between the two of 0.95± 0.01. This ratio is not expected to
be unity, as no bolometric correction has been applied to the
mid-IR luminosities. Since we are are utilizing ⌫L⌫ at 12µm
as a relative estimator for total AGN luminosity, we abstain
here from applying a bolometric correction.

We then divide up our galaxies into three groups
of mid-IR luminosity: one low luminosity regime 43.4 <
log(⌫L⌫,12µm/(erg/s)) < 44.2, one high luminosity regime
log(⌫L⌫,12µm/(erg/s)) > 44.9 and one intermediate luminos-
ity regimes (44.2 < log(⌫L⌫,12µm/(erg/s)) < 44.9). Figure 7
shows the sSFR as a function of W90, color coded by L⌫

at 12µm. The three subpanels show the same data, each of
them highlighting a di↵erent luminosity regime using bolder
symbols.

We first perform a Spearman rank correlation test for
the data in each luminosity bin and do not detect a sig-
nificant correlation between the outflow strength W90 and
sSFR in any of the luminosity regimes. A Spearman rank
test results only in a probability of 50 � 70% of a correla-
tion. Additionally, we perform a Spearman rank correlation
test in each luminosity bin but this time only taking into ac-
count sources with log(Mstellar/M� ) > 10.7. These measure-
ments are least a↵ected by the limiting magnitude K = 18.3
of the UKIDSS survey which otherwise might introduce a
redshift-dependent lower mass limit on our data. We elab-
orate on this possible bias in more detail in the next sub-
section, but note here that no correlation arises even if only
high mass sources are considered. For illustration, we high-
light all sources with log(Mstellar/M� ) > 10.7 in dark gray
circles in the panel which focuses on the highest bin of ⌫L⌫ .

The lack of a correlation between W90 and sSFR for
AGN selected on their mid-IR luminosity shows AGN power
is not the only and probably also not the most important
driver in regulating sSFR in AGN host galaxies. In the next
Section we therefore investigate how the host galaxies’ gas
content impacts sSFRs.
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Figure 7. Specific star formation rate as a function of [OIII] velocity width, W90. The three subpanels are identical, but each highlights
the data in a di↵erent mid-IR luminosity bin. The dashed line in the highest mid-IR luminosity panel shows a simple linear fit to the data.
We do not detect a statistically significant correlation between sSFR and W90 either mid-IR luminosity bin. In the last panel highlighting
the highest mid-IR luminosity data, we also highlight all sources with log(Mstellar/M� ) > 10.7.

man rank test results only in a probability of 50 � 70% of a
correlation. Additionally, we perform a Spearman ran corre-
lation test in each luminosity bin but this time only taking
into account sources with log(Mstellar/M� ) > 10.7. We do
this, since we showed in Section 3 that the limiting mag-
nitude K = 18.3 of the UKIDSS survey might introduce a
redshift-dependent lower mass limit. We elaborate on this
possible bias in more detail in the next subsection, but note
here that no correlation arises even if only high mass sources
are considered. For illustration, we highlight all sources with
log(Mstellar/M� ) > 10.7 in dark gray circles in the panel
which focuses on the highest bin of ⌫L⌫ .

4.2 W90 vs. sSFR as a function of star formation
rate

We next investigate the relation between W90 and the sSFR
as a function of SFR of the galaxies. This is particularly
interesting since SFR traces the absolute gas mass and is
highest in the most gas-rich systems. We again study the
correlation between W90 and sSFR in three bins of SFR:
0�100 M�/year, 100�300 M�/year and SFR> 300 M�/year.
Similar to Figure 7, Figure 8 shows W90 as a function of
sSFR, with data points in the SFR bins highlighted in dif-
ferent subpanels, respectively. While no significant correla-
tion between W90 and sSFR is detected at low SFRs, it is
remarkable to note that for the two higher SFR bins, W90
significantly anti-correlates with sSFR. At higher outflow
strengths, i.e. at higher velocity widths of the [OIII] emis-
sion line, the specific star formation rate seems to be heavily
suppressed. A Spearman rank correlation test confirms a sig-
nificant correlation with 99.9% probability.

We furthermore perform a simple linear regression on
the data in the highest luminosity regime and show the re-
sulting fit with a dashed line. However, simple linear regres-
sion does not properly account for measurement errors, es-
pecially when upper limit measurements are involved. Kelly
(2007) has developed a Bayesian method to account for mea-
surement errors and upper limits in linear regression of as-
tronomical data. This method assumes that measurement
errors are Gaussian with zero mean and that the intrinsic
scatter of the dependent variable (sSFR in our case) is Gaus-

sian around the regression line. IDL routines to use this ad-
vanced linear regression are available through the astrolib.
We show the result of that linear regression, taking properly
into account the upper limits on sSFR, in Figure 7 with the
long dashed line.

Part of the observed correlation could be driven by
the fact that the sources from the ANN subsample which
are preferentially populating the low-W90/high-sSFR area
of the parameter space are on average of lower redshift than
the sources populating the high-W90/low-sSFR area of the
parameter space. As we have discussed in Section 3.3, the
evolution of the K�band magnitude as a function of red-
shift (Kau↵mann & Charlot 1998) introduces a redshift-
dependent lower limit on stellar mass. This in turn intro-
duces a redshift-dependent upper limit on sSFR. Taking the
extreme ends of the redshift distribution of the sources in
the highest bin of SFR (bold red data points in Figure 8),
zmin ⇠ 0.2 and zmax ⇠ 0.8, we estimate that the redshift-
dependent lower limit on stellar mass could introduce a de-
crease of sSFR as a function of W90 of maximum 0.8 dex.

We therefore highlight the all sources with stellar
masses log(Mstellar/M� ) > 10.7 in Figure 8. At the K�band
depth of the UKIDSS survey, K = 18.3, this is the lower limit
on stellar mass for a z = 1 galaxy (Kau↵mann & Charlot
1998). Despite low-number statistics, a Spearman rank cor-
relation test confirms a correlation with 99% probability in
both the high and intermediate bins of SFR. We then follow
the same fitting technique discussed above, taking into ac-
count the upper limits on the data, and show the resulting
fit and its ±1� confidence region in dark gray. The confi-
dence region of the fit to the high-mass data is in excellent
agreement with the fits to the data where no mass cut has
been employed. This test confirms that the strong observed
correlation between sSFR and W90 in the highest bin of SFR
is not driven by the redshift-dependent lower limit on stellar
mass in the UKIDSS survey.

MNRAS 000, 1–16 (2015)
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Figure 11. WISE monochromatic k-corrected luminosities as a function of radio luminosities (left), [O III] velocity widths (middle) and [O III] luminosities
(right). In the left-hand panel, the blue points are those with upper limits on radio fluxes, whereas the black points are radio detections. The red ellipse is the
locus of star-forming galaxies from Rosario et al. (2013), and the dashed line is their separation line between infrared bright (above the line) and infrared faint
(below the line) branches of active nuclei. In the middle panel, grey points are for objects with peak S/N[O III] < 20.

Mid-infrared luminosities νLν[12 µm] are correlated with all
kinematic measures, in the sense of higher mid-infrared luminos-
ity in objects with stronger outflow signatures, with significance
ranging between PNH = 0.02 and <10−5 (Table 1). The strongest
correlation is with w90 (rs = 0.44, PNH < 10−5). There is a hint
(PNH = 0.04) that the mid-infrared luminosity correlates positively
with positive values of v50, while correlating negatively with the
negative values, suggesting that either a strong blue asymmetry
or a strong red asymmetry may be a sign of an outflow. Objects
with higher w90 tend to have redder mid-infrared spectral energy
distributions (higher β), with rS = 0.23 and PNH < 10−5.

Rosario et al. (2013) point out that the Seyfert galaxies in their
sample lie almost exactly on top of the locus of the star-forming
galaxies in the radio/infrared diagrams. These authors conclude that
only 15 per cent of the infrared flux of these objects is due to the
active nucleus and that the correlation between infrared and radio
fluxes seen among Seyfert galaxies is simply a reflection of the
standard radio/infrared correlation due to star formation. Type 2
quasars appear to lie on the luminous extension of the locus of the
star-forming galaxies, and thus it is tempting to postulate that the
same arguments apply in our sample, except the star formation rates
of the host galaxies must be much higher than those seen in Seyferts
by Rosario et al. (2013).

However, this explanation is unlikely to extend to the objects in
our sample. The mid-infrared colours and fluxes of type 2 quasars
at these luminosities are dominated by the quasar, not by the host
galaxy (Lacy et al. 2004; Stern et al. 2005; Zakamska et al. 2008).
Thus, the strong correlation between radio and mid-infrared in this
regime (and the excess of the radio emission over the amount seen
in nearby star-forming galaxies) suggests that the radio emission in
radio-quiet quasars is related to the quasar activity, not to the star
formation in its host.

Our sample has 54 objects in common with Jia et al. (2013) who
analysed XMM–Newton and Chandra snapshots of a large sample of
obscured quasars deriving their X-ray luminosities, spectral slopes
and amount of intervening neutral gas absorption. These objects
were either targeted by X-ray observatories or serendipitously lie in
the fields of view of other targets. Similarly to Veilleux (1991b), we
do not find any correlations between any of the kinematic indicators
and any of the X-ray spectral fitting parameters. In particular, there
is no correlation between the optical line width and the absorption-

corrected (intrinsic) X-ray luminosity. Removing the 24 Compton-
thick candidates (in which obtaining intrinsic X-ray luminosities
is particularly difficult) still reveals no relationship between X-ray
parameters and gas kinematics.

One possibility is that the lack of such correlation implies the lack
of strong influence of X-ray emission on the launching of the winds.
Another possibility (which we find more likely) is that the existing
X-ray observations of obscured quasars are not yet of sufficient
quality to probe this relationship. The uncertainties in the intrinsic
X-ray luminosities are rather high, because the observed fluxes need
to be corrected for intervening absorption. As a result, even the
correlation between X-ray and mid-infrared luminosities – which
are both supposed to be tracers of the bolometric luminosity – is
rather weak (PNH ≃ 0.02). Among the 30 Compton-thin sources, the
X-ray to mid-infrared luminosity ratio has a dispersion of 0.7 dex,
similar to the value reported for local Seyfert 2 nuclei (LaMassa
et al. 2011) who argue that correcting for intrinsic absorption is
difficult even when high-quality X-ray observations are available.

We perform a simulation in which we randomly draw 30 points
from the infrared versus kinematics correlation in Fig. 11, middle.
We find that the correlation is still detected with PNH ! 0.01 sig-
nificance. But if we add a Gaussian random variable with a 0.7 dex
dispersion to the log of the infrared luminosity, the correlation is no
longer detected. Thus either an intrinsic dispersion or observational
uncertainties (related to difficulties of correcting for intervening ab-
sorption) of this magnitude are sufficient to destroy a correlation
in a sample of 30 objects (the number of Compton-thin obscured
quasars with available X-ray luminosities). It will be interesting
to probe the connections between the ionized gas kinematics and
ultraviolet, optical and X-ray luminosities in type 1 quasars, where
correcting for intervening absorption is not a significant problem
and where the relative strengths of these correlations could elucidate
the primary driving mechanism of the ionized gas outflows.

5 C OMPOSITE SPECTRA

5.1 Constructing composites

To further test the trends we find in Sections 3 and 4 and to study
weak emission features, we produce several sets of composite spec-
tra. We choose a quantity that is easily measurable in every object
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Figure 11. WISE monochromatic k-corrected luminosities as a function of radio luminosities (left), [O III] velocity widths (middle) and [O III] luminosities
(right). In the left-hand panel, the blue points are those with upper limits on radio fluxes, whereas the black points are radio detections. The red ellipse is the
locus of star-forming galaxies from Rosario et al. (2013), and the dashed line is their separation line between infrared bright (above the line) and infrared faint
(below the line) branches of active nuclei. In the middle panel, grey points are for objects with peak S/N[O III] < 20.

Mid-infrared luminosities νLν[12 µm] are correlated with all
kinematic measures, in the sense of higher mid-infrared luminos-
ity in objects with stronger outflow signatures, with significance
ranging between PNH = 0.02 and <10−5 (Table 1). The strongest
correlation is with w90 (rs = 0.44, PNH < 10−5). There is a hint
(PNH = 0.04) that the mid-infrared luminosity correlates positively
with positive values of v50, while correlating negatively with the
negative values, suggesting that either a strong blue asymmetry
or a strong red asymmetry may be a sign of an outflow. Objects
with higher w90 tend to have redder mid-infrared spectral energy
distributions (higher β), with rS = 0.23 and PNH < 10−5.

Rosario et al. (2013) point out that the Seyfert galaxies in their
sample lie almost exactly on top of the locus of the star-forming
galaxies in the radio/infrared diagrams. These authors conclude that
only 15 per cent of the infrared flux of these objects is due to the
active nucleus and that the correlation between infrared and radio
fluxes seen among Seyfert galaxies is simply a reflection of the
standard radio/infrared correlation due to star formation. Type 2
quasars appear to lie on the luminous extension of the locus of the
star-forming galaxies, and thus it is tempting to postulate that the
same arguments apply in our sample, except the star formation rates
of the host galaxies must be much higher than those seen in Seyferts
by Rosario et al. (2013).

However, this explanation is unlikely to extend to the objects in
our sample. The mid-infrared colours and fluxes of type 2 quasars
at these luminosities are dominated by the quasar, not by the host
galaxy (Lacy et al. 2004; Stern et al. 2005; Zakamska et al. 2008).
Thus, the strong correlation between radio and mid-infrared in this
regime (and the excess of the radio emission over the amount seen
in nearby star-forming galaxies) suggests that the radio emission in
radio-quiet quasars is related to the quasar activity, not to the star
formation in its host.

Our sample has 54 objects in common with Jia et al. (2013) who
analysed XMM–Newton and Chandra snapshots of a large sample of
obscured quasars deriving their X-ray luminosities, spectral slopes
and amount of intervening neutral gas absorption. These objects
were either targeted by X-ray observatories or serendipitously lie in
the fields of view of other targets. Similarly to Veilleux (1991b), we
do not find any correlations between any of the kinematic indicators
and any of the X-ray spectral fitting parameters. In particular, there
is no correlation between the optical line width and the absorption-

corrected (intrinsic) X-ray luminosity. Removing the 24 Compton-
thick candidates (in which obtaining intrinsic X-ray luminosities
is particularly difficult) still reveals no relationship between X-ray
parameters and gas kinematics.

One possibility is that the lack of such correlation implies the lack
of strong influence of X-ray emission on the launching of the winds.
Another possibility (which we find more likely) is that the existing
X-ray observations of obscured quasars are not yet of sufficient
quality to probe this relationship. The uncertainties in the intrinsic
X-ray luminosities are rather high, because the observed fluxes need
to be corrected for intervening absorption. As a result, even the
correlation between X-ray and mid-infrared luminosities – which
are both supposed to be tracers of the bolometric luminosity – is
rather weak (PNH ≃ 0.02). Among the 30 Compton-thin sources, the
X-ray to mid-infrared luminosity ratio has a dispersion of 0.7 dex,
similar to the value reported for local Seyfert 2 nuclei (LaMassa
et al. 2011) who argue that correcting for intrinsic absorption is
difficult even when high-quality X-ray observations are available.

We perform a simulation in which we randomly draw 30 points
from the infrared versus kinematics correlation in Fig. 11, middle.
We find that the correlation is still detected with PNH ! 0.01 sig-
nificance. But if we add a Gaussian random variable with a 0.7 dex
dispersion to the log of the infrared luminosity, the correlation is no
longer detected. Thus either an intrinsic dispersion or observational
uncertainties (related to difficulties of correcting for intervening ab-
sorption) of this magnitude are sufficient to destroy a correlation
in a sample of 30 objects (the number of Compton-thin obscured
quasars with available X-ray luminosities). It will be interesting
to probe the connections between the ionized gas kinematics and
ultraviolet, optical and X-ray luminosities in type 1 quasars, where
correcting for intervening absorption is not a significant problem
and where the relative strengths of these correlations could elucidate
the primary driving mechanism of the ionized gas outflows.

5 C OMPOSITE SPECTRA

5.1 Constructing composites

To further test the trends we find in Sections 3 and 4 and to study
weak emission features, we produce several sets of composite spec-
tra. We choose a quantity that is easily measurable in every object
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Figure 11. WISE monochromatic k-corrected luminosities as a function of radio luminosities (left), [O III] velocity widths (middle) and [O III] luminosities
(right). In the left-hand panel, the blue points are those with upper limits on radio fluxes, whereas the black points are radio detections. The red ellipse is the
locus of star-forming galaxies from Rosario et al. (2013), and the dashed line is their separation line between infrared bright (above the line) and infrared faint
(below the line) branches of active nuclei. In the middle panel, grey points are for objects with peak S/N[O III] < 20.

Mid-infrared luminosities νLν[12 µm] are correlated with all
kinematic measures, in the sense of higher mid-infrared luminos-
ity in objects with stronger outflow signatures, with significance
ranging between PNH = 0.02 and <10−5 (Table 1). The strongest
correlation is with w90 (rs = 0.44, PNH < 10−5). There is a hint
(PNH = 0.04) that the mid-infrared luminosity correlates positively
with positive values of v50, while correlating negatively with the
negative values, suggesting that either a strong blue asymmetry
or a strong red asymmetry may be a sign of an outflow. Objects
with higher w90 tend to have redder mid-infrared spectral energy
distributions (higher β), with rS = 0.23 and PNH < 10−5.

Rosario et al. (2013) point out that the Seyfert galaxies in their
sample lie almost exactly on top of the locus of the star-forming
galaxies in the radio/infrared diagrams. These authors conclude that
only 15 per cent of the infrared flux of these objects is due to the
active nucleus and that the correlation between infrared and radio
fluxes seen among Seyfert galaxies is simply a reflection of the
standard radio/infrared correlation due to star formation. Type 2
quasars appear to lie on the luminous extension of the locus of the
star-forming galaxies, and thus it is tempting to postulate that the
same arguments apply in our sample, except the star formation rates
of the host galaxies must be much higher than those seen in Seyferts
by Rosario et al. (2013).

However, this explanation is unlikely to extend to the objects in
our sample. The mid-infrared colours and fluxes of type 2 quasars
at these luminosities are dominated by the quasar, not by the host
galaxy (Lacy et al. 2004; Stern et al. 2005; Zakamska et al. 2008).
Thus, the strong correlation between radio and mid-infrared in this
regime (and the excess of the radio emission over the amount seen
in nearby star-forming galaxies) suggests that the radio emission in
radio-quiet quasars is related to the quasar activity, not to the star
formation in its host.

Our sample has 54 objects in common with Jia et al. (2013) who
analysed XMM–Newton and Chandra snapshots of a large sample of
obscured quasars deriving their X-ray luminosities, spectral slopes
and amount of intervening neutral gas absorption. These objects
were either targeted by X-ray observatories or serendipitously lie in
the fields of view of other targets. Similarly to Veilleux (1991b), we
do not find any correlations between any of the kinematic indicators
and any of the X-ray spectral fitting parameters. In particular, there
is no correlation between the optical line width and the absorption-

corrected (intrinsic) X-ray luminosity. Removing the 24 Compton-
thick candidates (in which obtaining intrinsic X-ray luminosities
is particularly difficult) still reveals no relationship between X-ray
parameters and gas kinematics.

One possibility is that the lack of such correlation implies the lack
of strong influence of X-ray emission on the launching of the winds.
Another possibility (which we find more likely) is that the existing
X-ray observations of obscured quasars are not yet of sufficient
quality to probe this relationship. The uncertainties in the intrinsic
X-ray luminosities are rather high, because the observed fluxes need
to be corrected for intervening absorption. As a result, even the
correlation between X-ray and mid-infrared luminosities – which
are both supposed to be tracers of the bolometric luminosity – is
rather weak (PNH ≃ 0.02). Among the 30 Compton-thin sources, the
X-ray to mid-infrared luminosity ratio has a dispersion of 0.7 dex,
similar to the value reported for local Seyfert 2 nuclei (LaMassa
et al. 2011) who argue that correcting for intrinsic absorption is
difficult even when high-quality X-ray observations are available.

We perform a simulation in which we randomly draw 30 points
from the infrared versus kinematics correlation in Fig. 11, middle.
We find that the correlation is still detected with PNH ! 0.01 sig-
nificance. But if we add a Gaussian random variable with a 0.7 dex
dispersion to the log of the infrared luminosity, the correlation is no
longer detected. Thus either an intrinsic dispersion or observational
uncertainties (related to difficulties of correcting for intervening ab-
sorption) of this magnitude are sufficient to destroy a correlation
in a sample of 30 objects (the number of Compton-thin obscured
quasars with available X-ray luminosities). It will be interesting
to probe the connections between the ionized gas kinematics and
ultraviolet, optical and X-ray luminosities in type 1 quasars, where
correcting for intervening absorption is not a significant problem
and where the relative strengths of these correlations could elucidate
the primary driving mechanism of the ionized gas outflows.

5 C OMPOSITE SPECTRA

5.1 Constructing composites

To further test the trends we find in Sections 3 and 4 and to study
weak emission features, we produce several sets of composite spec-
tra. We choose a quantity that is easily measurable in every object
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Figure 11. WISE monochromatic k-corrected luminosities as a function of radio luminosities (left), [O III] velocity widths (middle) and [O III] luminosities
(right). In the left-hand panel, the blue points are those with upper limits on radio fluxes, whereas the black points are radio detections. The red ellipse is the
locus of star-forming galaxies from Rosario et al. (2013), and the dashed line is their separation line between infrared bright (above the line) and infrared faint
(below the line) branches of active nuclei. In the middle panel, grey points are for objects with peak S/N[O III] < 20.

Mid-infrared luminosities νLν[12 µm] are correlated with all
kinematic measures, in the sense of higher mid-infrared luminos-
ity in objects with stronger outflow signatures, with significance
ranging between PNH = 0.02 and <10−5 (Table 1). The strongest
correlation is with w90 (rs = 0.44, PNH < 10−5). There is a hint
(PNH = 0.04) that the mid-infrared luminosity correlates positively
with positive values of v50, while correlating negatively with the
negative values, suggesting that either a strong blue asymmetry
or a strong red asymmetry may be a sign of an outflow. Objects
with higher w90 tend to have redder mid-infrared spectral energy
distributions (higher β), with rS = 0.23 and PNH < 10−5.

Rosario et al. (2013) point out that the Seyfert galaxies in their
sample lie almost exactly on top of the locus of the star-forming
galaxies in the radio/infrared diagrams. These authors conclude that
only 15 per cent of the infrared flux of these objects is due to the
active nucleus and that the correlation between infrared and radio
fluxes seen among Seyfert galaxies is simply a reflection of the
standard radio/infrared correlation due to star formation. Type 2
quasars appear to lie on the luminous extension of the locus of the
star-forming galaxies, and thus it is tempting to postulate that the
same arguments apply in our sample, except the star formation rates
of the host galaxies must be much higher than those seen in Seyferts
by Rosario et al. (2013).

However, this explanation is unlikely to extend to the objects in
our sample. The mid-infrared colours and fluxes of type 2 quasars
at these luminosities are dominated by the quasar, not by the host
galaxy (Lacy et al. 2004; Stern et al. 2005; Zakamska et al. 2008).
Thus, the strong correlation between radio and mid-infrared in this
regime (and the excess of the radio emission over the amount seen
in nearby star-forming galaxies) suggests that the radio emission in
radio-quiet quasars is related to the quasar activity, not to the star
formation in its host.

Our sample has 54 objects in common with Jia et al. (2013) who
analysed XMM–Newton and Chandra snapshots of a large sample of
obscured quasars deriving their X-ray luminosities, spectral slopes
and amount of intervening neutral gas absorption. These objects
were either targeted by X-ray observatories or serendipitously lie in
the fields of view of other targets. Similarly to Veilleux (1991b), we
do not find any correlations between any of the kinematic indicators
and any of the X-ray spectral fitting parameters. In particular, there
is no correlation between the optical line width and the absorption-

corrected (intrinsic) X-ray luminosity. Removing the 24 Compton-
thick candidates (in which obtaining intrinsic X-ray luminosities
is particularly difficult) still reveals no relationship between X-ray
parameters and gas kinematics.

One possibility is that the lack of such correlation implies the lack
of strong influence of X-ray emission on the launching of the winds.
Another possibility (which we find more likely) is that the existing
X-ray observations of obscured quasars are not yet of sufficient
quality to probe this relationship. The uncertainties in the intrinsic
X-ray luminosities are rather high, because the observed fluxes need
to be corrected for intervening absorption. As a result, even the
correlation between X-ray and mid-infrared luminosities – which
are both supposed to be tracers of the bolometric luminosity – is
rather weak (PNH ≃ 0.02). Among the 30 Compton-thin sources, the
X-ray to mid-infrared luminosity ratio has a dispersion of 0.7 dex,
similar to the value reported for local Seyfert 2 nuclei (LaMassa
et al. 2011) who argue that correcting for intrinsic absorption is
difficult even when high-quality X-ray observations are available.

We perform a simulation in which we randomly draw 30 points
from the infrared versus kinematics correlation in Fig. 11, middle.
We find that the correlation is still detected with PNH ! 0.01 sig-
nificance. But if we add a Gaussian random variable with a 0.7 dex
dispersion to the log of the infrared luminosity, the correlation is no
longer detected. Thus either an intrinsic dispersion or observational
uncertainties (related to difficulties of correcting for intervening ab-
sorption) of this magnitude are sufficient to destroy a correlation
in a sample of 30 objects (the number of Compton-thin obscured
quasars with available X-ray luminosities). It will be interesting
to probe the connections between the ionized gas kinematics and
ultraviolet, optical and X-ray luminosities in type 1 quasars, where
correcting for intervening absorption is not a significant problem
and where the relative strengths of these correlations could elucidate
the primary driving mechanism of the ionized gas outflows.

5 C OMPOSITE SPECTRA

5.1 Constructing composites

To further test the trends we find in Sections 3 and 4 and to study
weak emission features, we produce several sets of composite spec-
tra. We choose a quantity that is easily measurable in every object
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Figure 2: Our planned program will study the interaction of winds with circumnuclear environment in luminous

AGN (filled pink stars), resolving scales from 300 pc to 2.5 kpc. In combination with less luminous AGN (grey

diamonds) and highly luminous objects (grey circles), both available within our collaboration, we will ‘bridge the

gap’ (depicted by the pink box) between high-L
bol

and low-L
bol

AGN and test the threshold model of triggering

quasar feedback. This luminosity regime is largely untouched by previous observations. The here proposed targets

will be complemented by MaNGA-AGN for which GMOS data are already at hand (open stars). Building a large

sample of such sources is critical in achieving our science goals.

Figure 3: MaNGA observations of three of the here proposed targets, with example data products. The resolved

BPT diagram show which regions are dominated by AGN, star formation or both. The sources show distinct BPT

morphologies (from concentrated to extended to galaxy-wide). Enhanced [OIII] velocity dispersion (scale bar in

km/s) that is related to the AGN BPT signatures suggest that the AGN is driving outflows in these sources. In the

first object, the signatures are ‘blobby’ and unresolved, whereas the second object shows some elongated, possibly

cone-like signatures. The third object shows galaxy-wide signatures. With Gemini, we will ‘zoom into’ the central

3.5 ⇥ 5 arcsec (the Gemini field of view with suggested position angles is shown by the green rectangle in the BPT

maps) of these targets to trace the origin of the large-scale disturbed kinematics.

~1045 erg/s
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Figure 3. H↵ velocity map as observed with MaNGA and with GMOS (left panels). The GMOS observations zoom into the central
part of the Blob Source, which is indicated by the red box in the MaNGA maps. The middle panels show the rotational model to the H↵
velocity fields and the right panels the residuals (data�model). While the model describes the MaNGA velocity field very well (residuals
are negligible), the blue- and redshifted residuals from GMOS reveal the bipolar nature of a kinematically decoupled structure in the
center of the source.
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Figure 4. The kinematically decoupled structure that we show
in Figure 3 spatially coincides with a region of high H↵ velocity
dispersion (left panels) and high [NII]/H↵ ratios (right panels),
an indication that this structure is either shock- or AGN-ionized
and not due to nuclear star formation. The size of the structure
is only about 2 kpc across, was not detected in the MaNGA data
and is potentially a young or stalled outflow.

i.e. typical bulk velocity of the detected [OIII] regions in
GMOS is ⇠ 200 km/s.

The dust lane clearly visible in the image of the galaxy
suggests that dust extinction can play a major role in the ap-
parent kinematics and geometry of ionized gas. We therefore
investigate the e↵ect of dust extinction through the galaxy

on the morphology of outflow signatures and morphologies.
The di↵erence in dust reddening in di↵erent parts of the
galaxy (i.e. high values in the plane of the disk, low values
above and below the plane of the disk) could result in a
seemingly biconical morphology of the high velocity disper-
sion [OIII] emission which is similar to the morphology of the
AGN/LINER-dominated spaxels in the resolved [NII]-BPT
diagram. This could be the case if the [OIII] emitting gas
cloud was spherically symmetric but only illuminated along
less obscured directions (i.e. above and below the plane of
the disk). We therefore investigate if the morphology of the
high velocity dispersion gas is truly biconical and if the lower
[OIII] flux (and [OIII] velocity dispersions) along the plane
of the disk can be explained by the higher reddening values
in that part of the galaxy.

We estimate the amount of reddening AV in the central
part of the source using the H↵ and H� emission lines from
the MaNGA data. For case B recombination (Osterbrock
1989) and using extinction coe�cients for the Galactic ex-
tinction curve from Cardelli et al. (1989), we find average
reddening values of AV ⇠ 3 mag in the central 2.5 kpc and
AV ⇠ 3.5 mag in the central pixels, while in the outer parts
of the disk AV ⇠ 1.6 mag. Reddening values above and be-
low the plane of the disk range between AV ⇠ 0.3� 1.2 mag.
If the [OIII] emitting gas had a spherically symmetric mor-
phology, then the intrinsic (extinction corrected) [OIII] flux
in the plane of the disk would be similar to the intrinsic
[OIII] flux below and above the plane of the stellar disk.
Therefore, the expected ratio between observed [OIII] fluxes
would fulfill the following relation:

A([OIII])non disk � A([OIII])disk = �2.5 ⇥ log
F[OIII],non disk

F[OIII],disk
(2)

MNRAS 000, 1–12 (2016)
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Figure 3. H↵ velocity map as observed with MaNGA and with GMOS (left panels). The GMOS observations zoom into the central
part of the Blob Source, which is indicated by the red box in the MaNGA maps. The middle panels show the rotational model to the H↵
velocity fields and the right panels the residuals (data�model). While the model describes the MaNGA velocity field very well (residuals
are negligible), the blue- and redshifted residuals from GMOS reveal the bipolar nature of a kinematically decoupled structure in the
center of the source.
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Figure 4. The kinematically decoupled structure that we show
in Figure 3 spatially coincides with a region of high H↵ velocity
dispersion (left panels) and high [NII]/H↵ ratios (right panels),
an indication that this structure is either shock- or AGN-ionized
and not due to nuclear star formation. The size of the structure
is only about 2 kpc across, was not detected in the MaNGA data
and is potentially a young or stalled outflow.

i.e. typical bulk velocity of the detected [OIII] regions in
GMOS is ⇠ 200 km/s.

The dust lane clearly visible in the image of the galaxy
suggests that dust extinction can play a major role in the ap-
parent kinematics and geometry of ionized gas. We therefore
investigate the e↵ect of dust extinction through the galaxy

on the morphology of outflow signatures and morphologies.
The di↵erence in dust reddening in di↵erent parts of the
galaxy (i.e. high values in the plane of the disk, low values
above and below the plane of the disk) could result in a
seemingly biconical morphology of the high velocity disper-
sion [OIII] emission which is similar to the morphology of the
AGN/LINER-dominated spaxels in the resolved [NII]-BPT
diagram. This could be the case if the [OIII] emitting gas
cloud was spherically symmetric but only illuminated along
less obscured directions (i.e. above and below the plane of
the disk). We therefore investigate if the morphology of the
high velocity dispersion gas is truly biconical and if the lower
[OIII] flux (and [OIII] velocity dispersions) along the plane
of the disk can be explained by the higher reddening values
in that part of the galaxy.

We estimate the amount of reddening AV in the central
part of the source using the H↵ and H� emission lines from
the MaNGA data. For case B recombination (Osterbrock
1989) and using extinction coe�cients for the Galactic ex-
tinction curve from Cardelli et al. (1989), we find average
reddening values of AV ⇠ 3 mag in the central 2.5 kpc and
AV ⇠ 3.5 mag in the central pixels, while in the outer parts
of the disk AV ⇠ 1.6 mag. Reddening values above and be-
low the plane of the disk range between AV ⇠ 0.3� 1.2 mag.
If the [OIII] emitting gas had a spherically symmetric mor-
phology, then the intrinsic (extinction corrected) [OIII] flux
in the plane of the disk would be similar to the intrinsic
[OIII] flux below and above the plane of the stellar disk.
Therefore, the expected ratio between observed [OIII] fluxes
would fulfill the following relation:

A([OIII])non disk � A([OIII])disk = �2.5 ⇥ log
F[OIII],non disk

F[OIII],disk
(2)

MNRAS 000, 1–12 (2016)

Outflow Signature!
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Figure 11. WISE monochromatic k-corrected luminosities as a function of radio luminosities (left), [O III] velocity widths (middle) and [O III] luminosities
(right). In the left-hand panel, the blue points are those with upper limits on radio fluxes, whereas the black points are radio detections. The red ellipse is the
locus of star-forming galaxies from Rosario et al. (2013), and the dashed line is their separation line between infrared bright (above the line) and infrared faint
(below the line) branches of active nuclei. In the middle panel, grey points are for objects with peak S/N[O III] < 20.

Mid-infrared luminosities νLν[12 µm] are correlated with all
kinematic measures, in the sense of higher mid-infrared luminos-
ity in objects with stronger outflow signatures, with significance
ranging between PNH = 0.02 and <10−5 (Table 1). The strongest
correlation is with w90 (rs = 0.44, PNH < 10−5). There is a hint
(PNH = 0.04) that the mid-infrared luminosity correlates positively
with positive values of v50, while correlating negatively with the
negative values, suggesting that either a strong blue asymmetry
or a strong red asymmetry may be a sign of an outflow. Objects
with higher w90 tend to have redder mid-infrared spectral energy
distributions (higher β), with rS = 0.23 and PNH < 10−5.

Rosario et al. (2013) point out that the Seyfert galaxies in their
sample lie almost exactly on top of the locus of the star-forming
galaxies in the radio/infrared diagrams. These authors conclude that
only 15 per cent of the infrared flux of these objects is due to the
active nucleus and that the correlation between infrared and radio
fluxes seen among Seyfert galaxies is simply a reflection of the
standard radio/infrared correlation due to star formation. Type 2
quasars appear to lie on the luminous extension of the locus of the
star-forming galaxies, and thus it is tempting to postulate that the
same arguments apply in our sample, except the star formation rates
of the host galaxies must be much higher than those seen in Seyferts
by Rosario et al. (2013).

However, this explanation is unlikely to extend to the objects in
our sample. The mid-infrared colours and fluxes of type 2 quasars
at these luminosities are dominated by the quasar, not by the host
galaxy (Lacy et al. 2004; Stern et al. 2005; Zakamska et al. 2008).
Thus, the strong correlation between radio and mid-infrared in this
regime (and the excess of the radio emission over the amount seen
in nearby star-forming galaxies) suggests that the radio emission in
radio-quiet quasars is related to the quasar activity, not to the star
formation in its host.

Our sample has 54 objects in common with Jia et al. (2013) who
analysed XMM–Newton and Chandra snapshots of a large sample of
obscured quasars deriving their X-ray luminosities, spectral slopes
and amount of intervening neutral gas absorption. These objects
were either targeted by X-ray observatories or serendipitously lie in
the fields of view of other targets. Similarly to Veilleux (1991b), we
do not find any correlations between any of the kinematic indicators
and any of the X-ray spectral fitting parameters. In particular, there
is no correlation between the optical line width and the absorption-

corrected (intrinsic) X-ray luminosity. Removing the 24 Compton-
thick candidates (in which obtaining intrinsic X-ray luminosities
is particularly difficult) still reveals no relationship between X-ray
parameters and gas kinematics.

One possibility is that the lack of such correlation implies the lack
of strong influence of X-ray emission on the launching of the winds.
Another possibility (which we find more likely) is that the existing
X-ray observations of obscured quasars are not yet of sufficient
quality to probe this relationship. The uncertainties in the intrinsic
X-ray luminosities are rather high, because the observed fluxes need
to be corrected for intervening absorption. As a result, even the
correlation between X-ray and mid-infrared luminosities – which
are both supposed to be tracers of the bolometric luminosity – is
rather weak (PNH ≃ 0.02). Among the 30 Compton-thin sources, the
X-ray to mid-infrared luminosity ratio has a dispersion of 0.7 dex,
similar to the value reported for local Seyfert 2 nuclei (LaMassa
et al. 2011) who argue that correcting for intrinsic absorption is
difficult even when high-quality X-ray observations are available.

We perform a simulation in which we randomly draw 30 points
from the infrared versus kinematics correlation in Fig. 11, middle.
We find that the correlation is still detected with PNH ! 0.01 sig-
nificance. But if we add a Gaussian random variable with a 0.7 dex
dispersion to the log of the infrared luminosity, the correlation is no
longer detected. Thus either an intrinsic dispersion or observational
uncertainties (related to difficulties of correcting for intervening ab-
sorption) of this magnitude are sufficient to destroy a correlation
in a sample of 30 objects (the number of Compton-thin obscured
quasars with available X-ray luminosities). It will be interesting
to probe the connections between the ionized gas kinematics and
ultraviolet, optical and X-ray luminosities in type 1 quasars, where
correcting for intervening absorption is not a significant problem
and where the relative strengths of these correlations could elucidate
the primary driving mechanism of the ionized gas outflows.

5 C OMPOSITE SPECTRA

5.1 Constructing composites

To further test the trends we find in Sections 3 and 4 and to study
weak emission features, we produce several sets of composite spec-
tra. We choose a quantity that is easily measurable in every object
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Figure 4. Example BPT maps and plots for three galaxies with high fAGN+LIER[SII], but where the spaxels classified as AGN or LI(N)ER
in the [SII]-BPT diagram are very close to the demarcation line. The bulk of such galaxies are blue, highly star-forming and of low stellar
mass.

dBPT,i
dBPT,j
dBPT,k

Figure 5. Visualization on how we measure dBPT , i and dBPT .
For each spaxel in the AGN or LINER region of the [SII] BPT
diagram, we measure the distance dBPT , i between the position
of the spaxel in BPT space to the star formation demarcation
line such that the dBPT , i is minimal. We then compute dBPT by
averaging the dBPT , i of the 20% of the spaxels with the largest
dBPT , i .

4.2 Observed Galaxy Radii

A major part of both the initial and the refined AGN selec-
tion criteria are based on measuring AGN spaxel fractions.
We apply this threshold that is only dependent on observed

size to (i) minimize the contamination from galaxies that
would pass our AGN selection criterion due to measurements
based on only a few single spaxels (which might represent a
large physical region) and (ii) allow for an easy application
to the whole MaNGA sample in subsequent years. But due to
the design of the fibre bundles, the required spaxel threshold
of 15% in our initial AGN selection criterium and 10%/15%
in our refined AGN selection corresponds to di↵erent spa-
tial fractions depending on whether the source belonged to
MaNGA primary sample (fibre bundle radius corresponds to
⇠1.5 Re) or the secondary sample (fibre bundle radius corre-
sponds to ⇠2.5 Re). We therefore investigate to what extent
this simple fraction threshold biases our sample selection.

Figure 8 shows the normalized distributions of observed
galaxy radii Robs, i.e. the fibre bundle radius, to the e↵ec-
tive radius of the observed galaxy Re f f for all galaxies in
MPL-5 and the 746 initial AGN candidates and the 303 fi-
nal AGN candidates. While the distributions between the
whole MPL-5 sample and the initial AGN sample (blue)
di↵ered significantly (p-value = 0.001 based on a two-sided
Kolmogorov-Smirno↵ test), the distributions between the fi-
nal AGN sample (pink) and the whole MPL-5 sample are
likely drawn from the same distribution (p�value = 0.83).
This shows that our initial AGN selection the percentage-
based spaxel threshold biased the selection towards smaller
Robs/Re f f and therefore to lower redshift sources. That led
to the selection of many AGN candidates with only marginal
signatures. The refined AGN selection criteria manage to
circumvent this caveat and re-produce the overall MaNGA
distribution well.
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Figure 6. Example BPT maps and plots for three galaxies in our final AGN selection. In addition to the SDSS composite gri image,
we show the MaNGA-based resolved [NII] and [SII] BPT maps and the corresponding BPT diagrams for each spaxel. The green circle
illustrates the size of the 300 fibre that was used to obtain a spectrum of the galaxy in SDSS I-III. While the galaxy in the upper row
had been classified as an AGN based on the single fibre observations prior to MaNGA, the galaxies in the middle and lower row had not
been selected as AGN candidates based on the single-fibre spectra.

Figure 7. Normalized distribution of observed galaxy radii nor-
malized by their R

e f f

for all galaxies in MPL-5 (filled, grey his-
togram), initial AGN candidates (blue) and final AGN candidates
(pink). While our initial AGN selection was biased towards galax-
ies with low R

obs

/R
e f f

, the final AGN selection overcomes this
bias. A two-sided KS test between the all MPL-5 distribution and
the final AGN distribution suggests that the two distributions are
drawn from the same underlying distribution.

Figure 8. Normalized distribution of the stellar mass for all
galaxies in MPL-5 (filled, grey histogram), initial AGN candidates
(blue) and final AGN candidates (pink). While our initial AGN
selection was biased towards galaxies with low stellar masses, the
final AGN selection peaks at log(M⇤/M� ) ⇠ 10.4.

generally associated with the most [OIII]-luminous galaxies
in the whole MPL-5 sample. Reyes et al. (2008) have shown
that the [OIII] luminosity is an indicator for the total bolo-
metric luminosity of the AGN if an AGN is present in the
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SUMMARY

1.2.

• one of the first direct observational 
proofs of AGN having a “negative” 
impact on galaxy evolution

• effect of wind-gas coupling important, 
at high SFRs can be neglected

• Evidence for AGN activity and outflows in 
previously unknown AGN

Luminosity threshold for AGN 
feedback, to be explored using 
unique combination of MaNGA 
+ GMOS

• How classify AGN in large resolved IFU surveys? 
Have we been missing an important component 
in galaxy evolution?


