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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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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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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
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et al. 2009). For templates, we use Bruzual & Charlot (2003) single
stellar population models rather than individual stellar spectra.

We first shift the spectra into the approximate rest frame by using
the SDSS pipeline redshifts. Then we fit the continuum over the
wavelength range 3680–5450 Å, allowing for the stellar models to
have a velocity of up to 300 km s−1 relative to the SDSS frame
and to be broadened with a Gaussian function that represents the
stellar velocity dispersion of the host. When the host galaxy is well
detected, typical stellar absorption features visible in the spectra
include Ca H+K, G band and Mg Ib lines. After this procedure, the
entire host continuum is subtracted and the spectrum is shifted into
the fine-tuned host galaxy frame.

We are able to identify some host galaxy features in 271 objects.
In most of these cases, the absorption features are so weak that
we do not consider the reported host velocity dispersions to be
accurate. The greater benefit of the host subtraction procedure is
that in these 271 objects we can analyse narrow-line kinematics
relative to an accurately determined host frame. In the remaining
objects we find no evidence for stellar features, so we subtract a
featureless continuum. For the majority of objects, our workable
wavelength range covers [O II] λλ3726, 3729, [O III] λ5007 and
everything in between.

2.2 Fitting functions and non-parametric measurements

We aim to use non-parametric measures that do not depend strongly
on the specific fitting procedure. We need robust measures or ro-
bust analogues of the first four moments of the line profile: typical
average velocity, velocity dispersion, and the skewness and the kur-
tosis of the velocity distribution. We fit the profiles with one to
three Gaussian components in velocity space, but in principle other
fitting functions could be used. We assign no particular physical
significance to any of the parameters of the individual components;
rather, the goal is to obtain a noiseless approximation to the velocity
profile.

We use relative change in reduced χ2 values to evaluate which fit
should be accepted; if adding an extra Gaussian component leads
to a decrease in χ2 of <10 per cent, we accept the fit with a smaller
number of components. The single-Gaussian fit is accepted for 36
objects, a two-Gaussian fit is accepted for 132 and the remaining
400 objects are fitted with three Gaussians. Almost all objects that
have high signal-to-noise ratio (S/N) observations have reduced χ2

values that are too high to be statistically acceptable and thus would
require either a larger number of components or different fitting
functions to be fitted to statistical perfection. Fortunately, the non-
parametric measures that we derive are rather robust: adding the
third Gaussian component changes our second moment measure
w80 by less than 10 per cent in 83 per cent of objects. Examples
of line fits are shown in Fig. 2. The objects selected for this figure
have the top 10 highest values of w80 (our analogue of the velocity
dispersion defined below).

Armed with fitting functions performed in velocity space f(v), we
construct the normalized cumulative velocity distribution F (v) =∫ v

−∞ f (v′)dv′/
∫ +∞

−∞ f (v′)dv′. Since the velocity profile is a noise-
less non-negative function, F(v) is strictly monotonically increas-
ing. We then determine the velocities at which 5, 25, 50, 75 and
95 per cent of the line flux accumulates. The median velocity v50

is the solution of the equation F(v) = 0.5. The width comprising
90 per cent of the flux is w90 = v95 − v05, the width at 80 per cent
is w80 = v90 − v10 and the width comprising 50 per cent of the
flux is w50 = v75 − v25. All these values have dimensions of ve-
locity (km s−1). For a Gaussian profile, the value w80 is close

Figure 2. Spectra of the [O III] λλ4959, 5007 doublet in the 10 objects with
the highest w80 values (2314 ≤ w80 ≤ 2918 km s−1), with their multi-
Gaussian fits. The two lines in the doublet are fit simultaneously, under the
assumption that the kinematic structure of both lines is the same and that
the ratio of amplitudes is 0.337. Dashed lines show the positions of v10, v50
and v90.

to the conventionally used full width at half-maximum (FWHM;
w80 = 2.563σ = 1.088 FWHM; w90 = 3.290σ ). For a typical
object in our sample (median w80 = 752 km s−1) the instrumen-
tal dispersion of the SDSS (σ inst = 70 km s−1) contributes only a
few per cent to the line width (Liu et al. 2013b), and as the line pro-
files are typically non-Gaussian, we do not attempt to deconvolve
the resolution except a couple of cases noted explicitly when we
use Gaussian components individually.

We can measure the asymmetry of the velocity profile relative to
the median velocity by computing a dimensionless relative asym-
metry R = ((v95 − v50) − (v50 − v05))/(v95 − v05). Negative values
correspond to cases where the blueshifted wing of the line extends to
higher velocities than the redshifted one, and positive values corre-
spond to cases where the redshifted wing dominates. This measure
is a non-parametric analogue of skewness and is equal to 0 for
any symmetric profile (including a single Gaussian). Furthermore,
we can measure the prominence of the wings of the profile, or
the non-parametric analogue of the kurtosis, by computing r9050 ≡
w90/w50. For a Gaussian profile, this value is equal to 2.4389. Val-
ues higher than this indicate profiles with relatively more extended
wings than a Gaussian function: for example, a Lorentzian profile
f(v) = 1/(γ 2 + v2) (where γ is the measure of the profile width) has
r9050 = 6.3138. Values lower than the Gaussian value indicate a pro-
file with a stronger peak-to-wings ratio and are rarely encountered
in our sample.

Finally, we compute the absolute asymmetry of the profile, which
is A = (flux(v > 0)−flux(v < 0))/total flux. In terms of the normal-
ized cumulative velocity distribution, A = 1 − 2F(0). This asym-
metry is dimensionless and it is positive for profiles with more flux
at redshifted wavelengths than at blueshifted wavelengths.

Values A and v50 critically depend on an accurate determination
of the host galaxy redshift, because this is what we use to fix the
v = 0 point. If no absorption features in the composite stellar light

MNRAS 442, 784–804 (2014)
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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. (2016),
H-ATLAS or HerS survey), mid-IR spectroscopy for PAH measurements from Zakamska et al. (2016) or star formation rate estimates
from artificial neural network (ANN) analysis (Ellison et al. 2016). This selection provides us with 103 sources (46 of which have upper
limits on their star formation rates).

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 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 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-
lar population models with a delayed star formation history
SFR(t) = t · exp(�t/⌧).

The optical to near-IR SEDs are well described by the
models with a median reduced �2 = 2.4. Figure 6 shows
the fitting results for two representative sources with de-
rived stellar masses of Mstellar = 5 · 1010 M� and Mstellar =

3 · 1010 M�.

Since the sources in our sample are all AGN, at cer-
tain redshifts strong optical emission lines will move into the
broad-band filter range and impact the broad band fluxes.
CIGALE does not account for these strong emission lines.
We therefore repeat the stellar mass derivation only using
the Y JHK near-IR fluxes, which are not impacted by strong
emission lines. Stellar masses derived from the near-IR data

MNRAS 000, 1–16 (2015)
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No dependence of sSFR as a function of [OIII] velocity width 
(i.e. outflow strength)

low LAGN                     intermediate LAGN                 high LAGN
10 D.Wylezalek et al.
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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.
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No dependence of sSFR as a function of [OIII] velocity width 
(i.e. outflow strength)
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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.
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• No dependence of sSFR as a 
function of [OIII] velocity width 
(i.e. outflow strength)

• Increase of velocity width with 
AGN power

• threshold for AGN feedback 
(need enough power to launch 
wind that can overcome the 
galaxy potential)

10 D.Wylezalek et al.

0 1000 2000 3000 4000 5000
W90 (km s-1)

0.01

0.10

1.00

10.00

100.00

1000.00

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

0 1000 2000 3000 4000 5000
W90 (km/s) (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

40. < log(O[III]) < 42.540. < log(O[III]) < 42.540. < log(O[III]) < 42.5
42.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.7
log(O[III]) > 42.7log(O[III]) > 42.7log(O[III]) > 42.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

43.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.2
44.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.9
log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9

   log(M/MO •) > 10.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

   log(M/MO •) > 10.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

0.01

0.10

1.00

10.00

100.00

1000.00

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

0 1000 2000 3000 4000 5000
W90 (km/s) (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

40. < log(O[III]) < 42.540. < log(O[III]) < 42.540. < log(O[III]) < 42.5
42.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.7
log(O[III]) > 42.7log(O[III]) > 42.7log(O[III]) > 42.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

43.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.2
44.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.9
log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9

   log(M/MO •) > 10.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

   log(M/MO •) > 10.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

0.01

0.10

1.00

10.00

100.00

1000.00

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

0 1000 2000 3000 4000 5000
W90 (km/s) (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

40. < log(O[III]) < 42.540. < log(O[III]) < 42.540. < log(O[III]) < 42.5
42.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.742.5 < log(O[III])) < 42.7
log(O[III]) > 42.7log(O[III]) > 42.7log(O[III]) > 42.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

43.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.243.4 < log(νLν[12µm]) < 44.2
44.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.944.2 < log(νLν[12µm]) < 44.9
log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9log(νLν[12µm]) > 44.9

   log(M/MO •) > 10.7

0 1000 2000 3000 4000 5000
W90 (km s-1)

10-10

10-9

10-8

10-7

sS
F

R
 (

yr
-1
)

NZ15 UL
NZ15
S82
HATLAS
PAH
PAH UL
ANN
Urrutia
BOSS S82
BOSS HATLAS
BOSS S82 UL
BOSS HATLAS UL

0. < SFR < 1000. < SFR < 1000. < SFR < 100
100 < SFR < 300100 < SFR < 300100 < SFR < 300
SFR > 300SFR > 300SFR > 300

   log(M/MO •) > 10.7

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.
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FEEDBACK THRESHOLD WITH MANGA/GMOS
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Figure 1: Preliminary results from our Fast Turnaround program, which observed two MaNGA-AGN. We show the color-

composite image from the SDSS (left panels), representative MaNGA maps (middle panel) and the GMOS data, zooming into

the central part of the galaxies (right panels). In Object 1, we resolve a strongly blueshifted structure which is distinct from

the main stellar rotation field (see H↵ velocity o↵set map). This structure coincides with a region of extremely high [NII]/H↵

ratios, 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.

We also show our model and residuals to the stellar (H↵) velocity field. The blue- and redshifted residuals reveal the biconical

nature of the structure. In contrast, in the higher luminosity Object 2, a biconical, large-scale morphology of ionized gas was

already seen in MaNGA. With GMOS we are now resolving the origin of that structure (see [OIII] velocity dispersion maps).

High [OIII]/H� ratios show that this structure is shock- or AGN-ionized.
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Figure 2: Our planned program will study the interaction of winds with circumnuclear environment in luminous AGN (orange

rectangle), resolving scales from 200 pc to 1.5 kpc. In combination with less luminous AGN (left grey rectangle) and highly

luminous objects (right grey rectangle), both available within our collaboration, we will bridge the gap between high-L
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and
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bol

AGN and test the threshold model of triggering quasar feedback. This luminosity regime is largely untouched by

previous observations.
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SSFR VS. VELOCITY WIDTH

No dependence of sSFR as a function of [OIII] velocity width 
(i.e. outflow strength)

low LAGN                     intermediate LAGN                 high LAGN
10 D.Wylezalek et al.
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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.
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Figure 8. 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 SFR bin. The dashed lines show a simple linear fit to the data which, however, cannot take into account the
various upper limits on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which also
takes into account the upper limit measurements. This fitting results are shown as long dashed lines. We detect a statistically significant
negative correlation between sSFR and W90 in the intermediate and high SFR bin. In the two highest bins of SFR, we also highlight
all 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.

5 DISCUSSION

5.1 Is AGN luminosity important for galaxy
growth?

In the previous Section we have shown that outflow strength,
i.e. the velocity width of the [OIII] emission line, does not
per se trace quenching or an enhancement of the specific
star formation rate (negative vs. positive feedback). As spec-
ulated above, the situation seems to be far more complex.
We deliberately focus here on investigating the relation to
the specific star formation rate, i.e. the star formation rate
normalized by the stellar mass of the host galaxy, rather
than the absolute star formation rate, for two reasons. On
the one hand, many attempts at proofing the concept of neg-
ative AGN feedback involving absolute star formation rate
have led to inconclusive results, on the other hand, the spe-
cific star formation rate of a galaxy might be a better tracer

for the relative impact of AGN feedback across a wider range
of host galaxy properties.

We have shown that for AGN that are selected
based AGN luminosity (which we estimate here using the
monochromatic rest-frame 12µm luminosity), fast outflows
are only present at high luminosities. However, no correla-
tion between sSFR and W90 is found in either mid-IR lumi-
nosity bin.

The fact that the strongest outflows, i.e. broadest [OIII]
lines, are observed in the highest luminosity galaxies is
consistent with an observation that Zakamska & Greene
(2014) made. Studying a large sample of type-2 AGN se-
lected from the SDSS, they show that AGN luminosity and
[OIII] line width strongly trace each other, albeit with sig-
nificant scatter. The median [OIII] velocity widths in our
three ⌫L⌫ bins are 850, 1060 and 1900 km s�1, respec-
tively, consistent with the findings in Zakamska & Greene

MNRAS 000, 1–16 (2015)
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Figure 8. 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 SFR bin. The dashed lines show a simple linear fit to the data which, however, cannot take into account the
various upper limits on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which also
takes into account the upper limit measurements. This fitting results are shown as long dashed lines. We detect a statistically significant
negative correlation between sSFR and W90 in the intermediate and high SFR bin. In the two highest bins of SFR, we also highlight
all 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.

5 DISCUSSION

5.1 Is AGN luminosity important for galaxy
growth?

In the previous Section we have shown that outflow strength,
i.e. the velocity width of the [OIII] emission line, does not
per se trace quenching or an enhancement of the specific
star formation rate (negative vs. positive feedback). As spec-
ulated above, the situation seems to be far more complex.
We deliberately focus here on investigating the relation to
the specific star formation rate, i.e. the star formation rate
normalized by the stellar mass of the host galaxy, rather
than the absolute star formation rate, for two reasons. On
the one hand, many attempts at proofing the concept of neg-
ative AGN feedback involving absolute star formation rate
have led to inconclusive results, on the other hand, the spe-
cific star formation rate of a galaxy might be a better tracer

for the relative impact of AGN feedback across a wider range
of host galaxy properties.

We have shown that for AGN that are selected
based AGN luminosity (which we estimate here using the
monochromatic rest-frame 12µm luminosity), fast outflows
are only present at high luminosities. However, no correla-
tion between sSFR and W90 is found in either mid-IR lumi-
nosity bin.

The fact that the strongest outflows, i.e. broadest [OIII]
lines, are observed in the highest luminosity galaxies is
consistent with an observation that Zakamska & Greene
(2014) made. Studying a large sample of type-2 AGN se-
lected from the SDSS, they show that AGN luminosity and
[OIII] line width strongly trace each other, albeit with sig-
nificant scatter. The median [OIII] velocity widths in our
three ⌫L⌫ bins are 850, 1060 and 1900 km s�1, respec-
tively, consistent with the findings in Zakamska & Greene
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Figure 8. 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 SFR bin. The dashed lines show a simple linear fit to the data which, however, cannot take into account the
various upper limits on sSFR. We therefore also show the resulting fit using an advanced regression method by Kelly (2007) which also
takes into account the upper limit measurements. This fitting results are shown as long dashed lines. We detect a statistically significant
negative correlation between sSFR and W90 in the intermediate and high SFR bin. In the two highest bins of SFR, we also highlight
all 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.

5 DISCUSSION

5.1 Is AGN luminosity important for galaxy
growth?

In the previous Section we have shown that outflow strength,
i.e. the velocity width of the [OIII] emission line, does not
per se trace quenching or an enhancement of the specific
star formation rate (negative vs. positive feedback). As spec-
ulated above, the situation seems to be far more complex.
We deliberately focus here on investigating the relation to
the specific star formation rate, i.e. the star formation rate
normalized by the stellar mass of the host galaxy, rather
than the absolute star formation rate, for two reasons. On
the one hand, many attempts at proofing the concept of neg-
ative AGN feedback involving absolute star formation rate
have led to inconclusive results, on the other hand, the spe-
cific star formation rate of a galaxy might be a better tracer

for the relative impact of AGN feedback across a wider range
of host galaxy properties.

We have shown that for AGN that are selected
based AGN luminosity (which we estimate here using the
monochromatic rest-frame 12µm luminosity), fast outflows
are only present at high luminosities. However, no correla-
tion between sSFR and W90 is found in either mid-IR lumi-
nosity bin.

The fact that the strongest outflows, i.e. broadest [OIII]
lines, are observed in the highest luminosity galaxies is
consistent with an observation that Zakamska & Greene
(2014) made. Studying a large sample of type-2 AGN se-
lected from the SDSS, they show that AGN luminosity and
[OIII] line width strongly trace each other, albeit with sig-
nificant scatter. The median [OIII] velocity widths in our
three ⌫L⌫ bins are 850, 1060 and 1900 km s�1, respec-
tively, consistent with the findings in Zakamska & Greene
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