1305.6922v2 [astro-ph.CO] 16 Sep 2013

arxiv

Mon. Not. R. Astron. Soc. 000, [TH23](2013)

Printed 7 February 2022 (MN ITEX style file v2.2)

Observations of feedback from radio-Quiet quasars — II. Kinematics
of ionized gas nebulae

Guilin Liu'*, Nadia L. Zakamska'f, Jenny E. Greene?, Nicole P. H. Nesvadba®

and Xin Liu*?

' Department of Physics & Astronomy, Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218, USA
2Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA

3 Institut d’Astrophysique Spatiale, CNRS, Université Paris-Sud, 91405 Orsay, France

4Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA

SHubble Fellow

Submitted to MNRAS: 2013 May 28

1 INTRODUCTION

ABSTRACT

The prevalence and energetics of quasar feedback is a major unresolved problem in galaxy
formation theory. In this paper, we present Gemini Integral Field Unit observations of ion-
ized gas around eleven luminous, obscured, radio-quiet quasars at z ~ 0.5 out to ~ 15 kpc
from the quasar; specifically, we measure the kinematics and morphology of [O m]15007A
emission. The round morphologies of the nebulae and the large line-of-sight velocity widths
(with velocities containing 80% of the emission as high as 10° km s~!') combined with rela-
tively small velocity difference across them (from 90 to 520 km s~!) point toward wide-angle
quasi-spherical outflows. We use the observed velocity widths to estimate a median outflow
velocity of 760 km s~!, similar to or above the escape velocities from the host galaxies. The
line-of-sight velocity dispersion declines slightly toward outer parts of the nebulae (by 3%
per kpc on average). The majority of nebulae show blueshifted excesses in their line profiles
across most of their extents, signifying gas outflows. For the median outflow velocity, we find
Eyin between 4 x 10* and 3 x 10% erg s™! and M between 2 x 10 and 2 x 10* M yr™'.
These values are large enough for the observed quasar winds to have a significant impact on
their host galaxies. The median rate of converting bolometric luminosity to kinetic energy of
ionized gas clouds is ~2%. We report four new candidates for “super-bubbles” — outflows that
may have broken out of the denser regions of the host galaxy.
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history and the star formation history over the life-time of the uni-

verse (Boyle & Terlevich [1998).

One of the most fascinating astronomical discoveries of the last
several decades is the gradual realization that almost every mas-
sive galaxy, including our own Milky Way, contains a super-
massive black hole in its center (Magorrian et all [1998). Several
lines of evidence suggest that there is a fundamental connection
between the black holes residing in galaxy centers and formation
and evolution of their host galaxies. One such observation is the
tight correlation between black hole masses and the velocity dis-

persions and masses of their host bulges (Gebhardt et all 2000;
[Ferrarese & Merritt (2000; Tremaine et al. 2002; Marconi & Hunt
u&j, Hiring & Rlﬂ um, Giiltekin et al J um, McConnell et al J

). Another is the close similarity of the black hole accretion
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In addition to these observations, modern galaxy formation
theory strongly suggests that black hole activity has a control-
ling effect on shaping the global properties of the host galaxies
(Tabor & Binngﬂ @; Silk & Rees [199¢: Springel et all 2009).
This is especially true for the most massive galaxies, whose num-
bers decline much more rapidly with luminosity than the predic-
tions of large-scale dark matter simulations would suggest. One
possibility is that the energy output of the black hole in its most
active (“quasar”) phase may be somehow coupled to the gas from
which the stars form. If the quasar launches a wind that entrains
and removes gas from the galaxy or reheats the gas, then it can shut
oﬁ star formation in its host (Thoul & Weinberd|1993;Croton et all
). Thus, quasars could be instrumental in limiting the maximal
mass of galaxies.

In recent years, this type of feedback from accreting black
holes has become a key element in modeling galaxy evolution
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(e.g., Hopkins et al! 2006; [Croton et all 2006; |Choi et all [2012).
Feedback can in principle explain galaxy vs. black hole correla-
tions and the lack of overly massive blue galaxies in the local
universe. As significant as these achievements are, it has been
challenging to find direct observational evidence of black hole
vs. galaxy self-regulation and to obtain measurements of feed-
back energetics. Direct and indirect evidence for powerful quasar-
driven winds started emerging, both for radio-quiet
2008; Moe et al| 2009; Dunn et all 2010; |Alexander et al! 2010)
and radio-loud objects (Nesvadba et al/[2006,12008) at low and high
redshifts (Maiolino et all2012; [Borguet et al!2013).

In the last several years, we have undertaken an observational
campaign to map out the kinematics of the ionized gas around lu-
minous obscured quasars (Zakamska et al|2003;[Reyes et all2008)
using Magellan, Gemini and other facilities in search of signatures
of quasar-driven winds (Greene et al! 2009, 2011, 12012; [Liu et al!
M). In our observations, we are focusing on the most power-
ful quasars likely associated with the most massive galaxies, where
feedback effects are expected to be strongest, and we use the ob-
servational advantages provided by circumnuclear obscuration to
maximize sensitivity to faint extended emission associated with
quasar feedback.

In December 2010, we obtained Gemini-North Multi-Object
Spectrograph (GMOS-N) Integral Field Unit (IFU) observations of
a sample of obscured luminous quasars at z ~ 0.5. In the first pa-
per describing our results 2013, hereafter Paper 1), we
present the analysis of the extents and morphologies of the narrow
emission line regions of these quasars. We spatially resolve emis-
sion line nebulae in every case and find that the [O 1] line emis-
sion from gas photo-ionized by the hidden quasar is detected out to
144 kpc from the center of the galaxy. Ionized gas nebulae around
radio-quiet obscured quasars display regular smooth morphologies,
in marked contrast to nebulae around radio-loud quasars of simi-
lar line luminosities which tend to be significantly more elongated
and/or lumpy. Surprisingly, no pronounced biconical structures, ex-
pected in a simple quasar illumination model, are detected.

In this paper, we analyze the kinematics of the ionized gas
nebulae around these quasars. In Section 2] we describe observa-
tions and modeling of line kinematics. In Section Bl we present
kinematic measurements of the ionized gas emission, in Section [
we discuss kinematic models and structure of quasar winds, in Sec-
tion [5] we present super-bubble candidates, in Section |6l we derive
the kinetic energy of observed winds, and we summarize in Sec-
tion[Zl As in Paper I, we adopt a h=0.71, Q,,=0.27, Q,=0.73 cos-
mology throughout this paper; objects are identified as SDSS Jhh-
mmss.ss+ddmmss.s in Table [[land 2 and are shortened to SDSS
Jhhmm+ddmm elsewhere; and the rest-frame wavelengths of the
emission lines are given in air.

2 DATA AND LINE PROFILE FITS
2.1 Sample and observations

The sample presented in this paper consists of eleven radio-quiet
obscured quasars at z ~ 0.5 selected to be among the most [O
m]A5007-luminous objects in the catalog by M M).
These sources were originally identified based on their optical spec-
troscopic properties. Their permitted emission lines have widths
similar to those of forbidden lines, their integrated [O m]A5007/HB
ratios tend to be high (~10), they routinely show high-ionization
lines such as [NeV]A43346, 3426 and they do not show the char-
acteristic blue continuum of unobscured quasars

2003; [Reyes et all 2008). These properties are classical signa-
tures of obscured active galactic nuclei m@) and lead
us to conclude that the emission-line region is illuminated by a
quasar-like spectrum rich in ultra-violet and X-ray photons, but
the continuum-emitting and broad-line regions of these objects are
not directly seen. Multi-wavelength observations of the objects in
this sample confirms their nature as intrinsically luminous quasars
(Lyor = 10% erg s7! at the [O m] luminosities probed in this pa-
per, ) with large amounts of circumnuclear obscu-
ration along the line of sight (Zakamska et al| 2004, 2003, 2006,
12008; Jia et alll2012). Such obscured objects may constitute half or
more of the entire quasar population at all redshifts and luminosi-
ties (Reyes et all[2008; [Lawrence & Elvid[2010).

Radio-quiet candidates (those without powerful jets) are se-
lected based on their radio luminosities and positions in the [O mi]-

radio luminosity diagram (Xu et al] HQQQ; Zakamska et al] M;
). We further supplement our sample with one radio-
intermediate and two radio-loud objects that we use as a compari-
son sample in combination with other radio-loud sources from the

literature, both at low (Fu & SngkLgﬂ M) and at high redshifts
(Nesvadba et a1l 2008).

We use GMOS on Gemini-North in the 2-slit IFU mode with
a field of view of 57" and with typical on-source exposure times
of 60 minutes to obtain spatially resolved spectroscopic observa-
tions with r.m.s. surface brightness sensitivity 1.1-2.2 x107'7 erg
s™! em™2 arcsec™2. The average seeing of 0.4”—0.7" corresponds to
a linear resolution of ~3 kpc at the redshifts of our sample. Data
reductions are performed using the IRAF-based standard GMOS
pipeline. Spectro-photometric calibrations are performed off of
Sloan Digital Sky Survey (SDSS) data and are likely good to 5% or
better - [2008). Further details of sample
selection and data reductions are given in Paper 1.

The employed grating R400-G5305 has a spectral resolution
of R=1918. More precisely, we fit a Gaussian profile to the un-
resolved sky lines and find their full width at half maximum to
be FWHM=137+12 km s~'. As the width of our observed [O 1]
line is always well above the instrumental resolution, the velocity
structure of our objects is well resolved. Because line profiles are
strongly non-Gaussian and in most cases are much broader than the
spectral resolution, we do not correct the observed profiles for in-
strumental effects and report all values as measured. For a typical
line profile in our sample, the velocity range containing 80% of line
power is Wgo = 500 km s~!, and instrumental broadening results in
a 4% increase in the Wy, measurement.

2.2 Multi-Component Gaussian Fitting

At each position in the field of view, the velocity structure of the [O
m]15007A emission line is generally complicated, presumably be-
cause of the existence of multiple moving gas components whose
3-dimensional velocities are then projected onto the line of sight. To
measure the centroid velocity and velocity dispersion of these com-
ponents for our physical analysis, we fit a combination of multiple
Gaussians to the [O m] line profile on a fixed wavelength range of
the spectrum in each spatial element (spaxel) using the IDL pack-
age MpFIT developed by ). The purpose of these
fits is merely to realistically represent the velocity profiles, so that
the effect of noise is minimized when we perform non-parametric
measurements (cf. Section 23). Our tests of using Voigt profiles
shows that their heavier wings result in fits statistically inferior to
the Gaussian ones. In particular, the line width measures are sys-

© 2013 RAS, MNRAS 000,[TH23]
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Table 1. Kinematic measurements of quasar nebulae.

Object name Radio z = Liom Rss Avmax (Wso) Wsomax VWso VW; o) vozmax  (A)  (K)

1 2 3) @ & ©® @) ®) ® a0 an a1z 13 d4

SDSS J014932.53—-004803.7 RQ 0.567 42.87 9.1 114 1167 1406 -2.8 1.1 -1191 -1765 -0.14 1.37
SDSS J021047.01-100152.9 RQ 0.540 4348 17.7 407 667 786 -19 -0.6 -560 -814 0.12 146
SDSS J031909.61-001916.7 RQ 0.635 4274 7.6 348 1845 2142 -10.5 -16.6 —-1474 -1844 -0.05 1.31
SDSS J031950.54-005850.6 RQ 0.626 4296 11.5 161 780 958 5.1 —-44 -934 -1198 -0.23 1.68
SDSS J032144.11+001638.2 RQ 0.643 43.10 183 522 974 1092 -43 -69 -946 -1102 -0.18 2.01
SDSS J075944.64+133945.8 RQ 0.649 4338 14.1 122 1230 1275 -43 -13 -1250 -1393 -0.26 1.58
SDSS J084130.78+204220.5 RQ 0.641 43.31 119 104 723 750 2.8 -24 -675 =822 -0.04 1.40
SDSS J084234.94+362503.1 RQ 0.561 43.56 15.1 162 489 525 -39 -52 522 —652 0.00 1.65
SDSS J085829.59+441734.7 RQ 0.454 4330 11.7 89 876 920 -59 -43 -939 -970 -0.24 194
SDSS J103927.19+451215.4 RQ 0.579 4329 122 126 1105 1197 -6.3 04 -1046 -1287 -0.04 1.44
SDSS J104014.43+474554.8 RQ 0.486 43.52 14.5 166 1315 1659 -42 -3.1 -1821 -2390 -0.38 2.10
3C67/1022412.30+275011.5 RL 0.311 42.83 122 388 688 1328 — — -681 -1391 -0.17 1.09
SDSS J080754.50+494627.6 RL 0.575 43.27 194 920 714 843 — — -516 -938 0.09 1.19
SDSS J110140.54+400422.9 RI 0.457 43.55 189 238 753 1020 — — -686 —1160 0.13 1.34

Notes. — (1) Object name. (2) Radio loudness (RQ: radio quiet; RL: radio loud; RI: radio intermediate). (3) Redshift, from ) and

) for SDSS objects and M) for 3C67. (4) Total luminosity of the [O 111]/15007A line (logarithmic scale, in erg
s7h), from ). (5) Semi-major axis (in kpc) of the best-fit ellipse which encloses pixels with S/N > 5 in the [O m]A5007A line map, from
M M). (6) Maximum difference in the median velocity map (cf. Figure 3), in km s~!. For each object, the 5% tails on either side of the velocity
distribution are excluded for determination of Avpmay to minimize the effect of the noise. (7, 11, 13, 14) Wgy (km s™'), voa (km s™!), A and K values
of the integrated [O 111]/15007A line, measured from the SDSS fiber spectrum (see Section 23] for the definition of these parameters). (8, 12) Maximum
Wgo and most negative v, values in their respective spatially-resolved maps ((km s™h). Like for Avmax, the 5% tails on either side of their respective
distributions are excluded. (9) Observed percentage change of Wgo per unit distance from the brightness center, in units of % kpc™'. It is defined as
VWgo = 6Wgo/Rs, where Rs is the maximum radius for the region where the peak of the [O 111]/150071& line is detected with S/N > 5 (Figure[3), and
0Wsgo = 100 X (Wso.rs — Wso.r=0)/ Wso,r=0- (10) Percentage change of Wg¢ per unit distance from the brightness center, in units of % kpc'l, but calculated

with a uniform S/N of 15 at the peak of the [O m]A5007A line (Figure 8l see Section [33). It is defined as VW;0 = 6W§0 /R15, where Ry5 is the maximum

radius for S/N > 15 in the observed map, and (SW;'0 =100 x (Wso.r,5 — Ws0,r=0)/ Ws0,r=0-

tematically 20% overly high, although the qualitative conclusions
are consistent with Gaussian fits (Zakamska & Greend|[2013).

Despite the complexity of velocity profiles, we find that for
every source in our sample, the [O m] line in the spectra can always
be fitted by a combination of no more than 3 Gaussians, resulting
in minimized reduced y? values that satisfy xy?/v < 2 (where v is
the number of degrees of freedom) except for sporadic problematic
spaxels. As an example, we show the reduced y* maps of one of
our objects for single, double and triple Gaussian fits in Figure [l
The number of degrees of freedom v is the same in all the spaxels
of each panel because the wavelength is evenly sampled. Fits with
three Gaussians are sufficient to achieve a uniform reduced y> map
without any correlated residuals.

If a spectrum can be reasonably fitted using only one or two
Gaussian components, we prefer the smallest possible number to
avoid over-fitting. Our quantitative comparison of the fitting quality
is based on p-values. The p-value for xy, denoted p(xy,v), is the
probability that a random variable x drawn from the y? distribution
satisfies x < xp, and is therefore the probability that the discrepancy
between the data and the best-fit model is purely accidental.

To determine whether M or N Gaussians (for M > N) should
be used, we calculate the p-values (py and py) that the mini-
mized y>-value and v 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
pu = 0.01, the data are relatively easy to fit. Thus, we neglect the
0.01 difference and adopt the smaller N as long as py — py < 0.01.
If py < 0.01, the data are more difficult to fit, therefore we have
stronger inclination to adopting M components, and adopt N only
if pu < pw-

© 2013 RAS, MNRAS 000, [TH23]

In general, py; > py holds because an increased number of
parameters improves the fits, but py; < py 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 Figure[Il 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 Figure 2] we show example spectra that are fitted
by 3 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 alJ M; full
width at half maximum is the standard example), or by measuring
velocities at which some fraction of the line flux is accumulated
). 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 Veilleuy @I). After
each profile is fit with multiple Gaussian components, we use the
fits to calculate the cumulative flux as a function of velocity:

O(v) = fv

With this definition, the total line flux is given by ®(c0). For each
spectrum, we use this definition to calculate the following quan-
tities (related to the first, second, third and forth moments of the
line-of-sight velocity distribution within the line profile):

F,.(0)dv. (D
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Flux (Paper I)

Figure 1. SDSS J0841+2042. Upper row: the maps of reduced x> 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 m]A5007A recovered by our multi-Gaussian fits (logarithmic scale, in units of 10714

erg s™! ecm™2 arcsec™?), and the [O m] map from Paper I

) created by collapsing the continuum-subtracted IFU datacube with the S/N = 5

threshold used in Paper I overlaid (note that S /N refers to the integrated line intensity in Paper L, but to the peak of the line in Figures[3land[3).

Spectral Flux Density

—2000 -1000 0 1000 2000

velocity (km s™")

—2000 —-1000 0 1000 2000

velocity (km s™")

Figure 2. Example Gemini IFU spectra in the vicinity of the [O m]A5007A 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 Wgp is shown by a gray box.

(i) Velocity. The line-of-sight velocity is represented by the
median velocity vpeq, i.e. the velocity that bisects the total area
underneath the [O m] emission line profile, so that ®(vieq) =
0.5 d(e0).

Following [Rupke & Veilleuy (2013), we also report vg in
Table [l the velocity at 2% of the cumulative flux, mean-
ing that 98% of the gas is less blueshifted than this value.
Rupke & Veilleux (2013) use this value as a measure of the max-
imal outflow velocity. We evaluate both the brightness-weighted
value (v, ) measured from the integrated SDSS spectrum and the
maximum v max from the spatially resolved IFU data. To deter-
mine vo max for each object, we create the vy, map for all spaxels
where the [O m]A5007A line has S/N > 5 at its peak, reject the
5% most extreme negative values which may be contaminated
by noise, and report the remaining maximum negative value.

(i1) Line width. Many different measures of velocity disper-

sion are possible; we are seeking one that does not discard the
information contained in the broad wings of the emission lines,
but at the same time is not too sensitive to the low signal-to-
noise emission at high velocities. We use the velocity width that
encloses 80% of the total flux Wy, defined as the difference be-
tween the velocities at 10% and 90% of cumulative flux:

Wgo = Voo — V10- (2)

This measurement is illustrated in Figure 2] For a purely Gaus-
sian velocity profile, this value is determined entirely by the
velocity dispersion and is close to the conventionally used full
width at half maximum (FWHM):

Wso = 2.5630 = 1.088 x FWHM, 3)

but for non-Gaussian profiles it is more sensitive to the weak
broad bases of emission lines characteristic of our sample. For

© 2013 RAS, MNRAS 000,[TH23]



example, a profile composed of two Gaussians, one with dis-
persion o and another with 30, centered at the same veloc-
ity and with flux ratio in two components of 2:1 would have a
FWHM= 2.5930 (i.e., a value only 10% above what would be
measured just for the narrow component alone), but a Wy, value
of 3.981c, significantly higher than the Gaussian value.

(iii) Asymmetry. We use an asymmetry parameter defined as
A= (V90 = Vimed) = (Vined — VIO). @)

Wso

This parameter is introduced by ), but with the
opposite sign. With our definition, a profile with a heavy
blueshifted wing has a negative A value. A symmetric profile,
such as a single Gaussian or a combination of multiple Gaus-
sian components centered at the same velocity, has A = 0. This
parameter is related to the standard profile skewness.

(iv) Shape parameter. The shape parameter that we use is K
defined as

_ Woo
~ 1397 x FWHM’ )

where FWHM is the full width at half maximum and Wy is the
velocity width that encloses 90% of the total flux, Wgy = vos—vos.
This definition is the reciprocal of the parameter K, defined in
[Whittld M). K is related to line kurtosis: for a Gaussian pro-
file, K = 1, and profiles that have wings heavier than a Gaussian
have K > 1, whereas stubby profiles with no wings have K < 1.

While it is possible to calculate these parameters directly from
the observed velocity profiles, we perform these non-parametric
measurements on the best-fit single/multi-Gaussian profiles in-
stead. In this case the cumulative function is monotonically increas-
ing and positive definite, which allows us to minimize the effect of
noise, especially for faint broad wings of the emission lines. We
further comment on the quality of non-parametric measurements in
Section[3.3] The resulting maps of these parameters are shown for
the whole sample in Figure 3l

While stellar absorption lines provide the cleanest measure of
the systemic velocity, the stellar continua of the host galaxies are
too faint to detect reliably in our data or the original SDSS spectra.
In the absence of accurate host redshifts, we are forced to adopt the
redshifts derived from the SDSS spectroscopic pipeline and listed
in Table[T} which effectively trace the typical redshifts of the strong
emission lines. If the gas motions relative to the host galaxy are of
order a few hundred km s~!, the velocities that we derive (particu-
larly vpeq defined above) have absolute uncertainties of this order,
although the relative changes in vyeq across the field of view are
unaffected. The value of vy, is in principle also subject to the un-
certainty in the host redshift, but in practice these velocities tend to
be so high that this uncertainty is likely negligible. All other param-
eters that we use (FWHM, Wy, A and K) contain only differences
in velocity from one part of the line profile to the next and are not
dependent on a careful determination of the redshifts of the host
galaxies.

Despite these caveats, we find that the standard SDSS
redshifts determined from the ensemble of the emission lines
(Abazajian et al|2009) are in fact very close to the host galaxy red-
shifts whenever those can be accurately determined from the stellar
absorption lines (Zakamska & girgend M). In three of the objects
in this sample, we are able to tease out weak absorption features in
the spectra and find that the absorption line redshifts are within 30
km s~! of the standard SDSS ones. In Section 4 we find that the

outflow velocities of the gas may reach many hundreds of km s,

© 2013 RAS, MNRAS 000, [T123]
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but the outflows proceed in quasi-spherical fashion, and therefore
it may not be surprising that the velocity centroids of the emission
lines remain very close to the host galaxy redshifts.

3 KINEMATIC MAPS OF NEBULAE AROUND
LUMINOUS QUASARS

3.1 Kinematic signatures of quasar winds

What observational signatures of quasar-driven winds are we look-
ing for and are we seeing them in our sources? Numerical simula-
tions of galaxy formation show that properties of massive galaxies
are most successfully reproduced when gas is physically removed
from the host galaxy by the quasar-driven wind
M; Hopkins et alJ M; Novak et alJ M). Therefore, we
should look for signs that velocities of the gas are high, prefer-
ably higher than the escape velocity from the galaxy. However,
quasar-driven outflows seen in these simulations proceed in a quasi-
spherical fashion, and unfortunately, spherically symmetric out-
flows produce zero net line-of-sight velocity and symmetric line
profiles and thus do not display any obvious kinematic signatures.
Even if the outflow is not spherically symmetric, but proceeds close
to the plane of the sky (as we have reason to expect in type 2 quasars
which may be illuminating the gas preferentially in these direc-
tions, as opposed to toward the observer), then the net line-of-sight
velocity is strongly affected by projection effects and can be close
to zero.

As single-fiber 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 ] u&g M
[Villar-Martin et all2011)). 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 from the velocity dispersion measurements along one slit or
within one fiber. Additionally, there are well-known observational
degeneracies between gas outflows and inflows and rotational sig-
natures which complicate the picture even further.

Not all extended narrow-line emission is due to the gas that
has been removed from the host galaxy. Sometimes we just happen
to see tidal debris or nearby small companion galaxies that are il-
luminated by the quasar (Liu et alJM; Villar-Martin et alJM),
and such features do not constitute proof of quasar feedback. One
good radio-quiet example is SDSS J0123+0044, where a kinemat-
ically cold tail with an extent of >100 kpc is observed in a recent
merger product that shows other tidal signatures
12006; Villar-Martin et al![2010). In this object, the origin of the ex-
tended ionized gas as tidal debris and the direction of quasar il-
lumination can be determined with high confidence using detailed
spectroscopic, imaging (HST) and polarimetric observations. Such
data are not available for most objects in our sample, but we find
that it is often possible to discriminate between feedback and other
possible origins of ionized gas at large distances based on seeing-
limited morphology and kinematics data.

In particular, we previously pointed out ) that
the nebulae in our sample are much smoother and rounder than
those around radio-loud quasars in the sample of
), many of which were interpreted using a model of illumi-
nated or shocked tidal debris similar to the interpretation of SDSS
J0123+0044. This pronounced morphological difference between
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Figure 3. Non-parametric measurement of our eleven radio-quiet and three radio-loud or radio-intermediate quasars in our sample. The four columns from
left to right are: median velocity (km s71), line width (Wgg, km s™1), asymmetry (A) and shape parameter (K) maps. Only spaxels where the peak of the [O
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function are color-coded blue, yellow and red, respectively. The seeing at the observing site is depicted by the open circle on each median velocity map.
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the narrow-line regions of the radio-quiet and the radio-loud objects
suggests that the origin of gas is different in these two samples. In
the sections below we describe the results of our kinematic analy-
sis of the IFU data and discuss the features that are most naturally
explained by high-velocity outflows.

3.2 Velocity fields and projection effects

The velocity fields of the [O m] nebulae surrounding our radio-
quiet quasars are remarkably well organized (Figure [B)): typically
one semi-circular part of the nebula is on average redshifted while
the other one is blueshifted. These signatures can be interpreted as
those of an outflow whose axis is inclined at some non-zero and
non-right angle 7 to the line of sight (inclination angles are defined
relative to the plane of the sky, so that i = 0° for a face-on galaxy or
a vector in the plane of the sky). In this case, the blueshifted side is
due to the gas moving away from the quasar and somewhat toward
the observer, whereas the redshifted gas is on the far side of the
quasar and moving yet further away. However, alternative explana-
tions for the blueshift / redshift patterns also need to be considered.
For example, an inflow with i’ = —i would produce the same maps
of line-of-sight velocities on the sky. A rotating galaxy also has one
redshifted and one blueshifted side.

In Table [ we report the maximum difference in velocity be-
tween the redshifted and the blueshifted regions Avy,.. To this end,
we exclude the spaxels with the 5% highest and the 5% lowest vypeq
which could be affected by noise, and calculate the difference be-
tween the remaining highest and lowest vy,eq values. The maximal
projected velocity difference ranges between 90 and 520 km s~
among the eleven radio-quiet quasars in our sample. If the projected
velocity gradients are due to inflow/outflow, then the clear spatial
separation of the redshifted and blueshifted sides argues that the
axis of this motion is not too close to the line of sight. In this case,
the observed radial velocities are only a small fraction of the actual
physical velocities of the flow, reduced to the observed values by
the projection effects. We further discuss outflow models and the
resulting velocity differences in Section El

Regular velocity fields can also be produced by rotating
gas disks, and we explore whether this scenario can explain our
kinematic data. The maximal rotation speed of massive alactlc
disks typically does not exceed 300 km s~ ,

). But a better model for our ob]ects may be a gas
disk embedded in a massive elliptical host (Zakamska et all[2006),
which would explain the strong kpc-scale dust lanes, young stellar
populations (Zakamska et al 2006; [Liu et all [2009) and on-going
star formation (Zakamska et all[2008) that we observe in the host
galaxies of obscured quasars. In this case the rotation speed can be
estimated using an isothermal potential, with stellar velocity dis-
persion o, < 300 km s~ (Greene et all[2009; [Liu et all[2009) and
resulting maximal rotation speed v,o = V20, = 424 km s,

A face-on disk does not yield any differences in radial velocity,
but an edge-on disk will appear elongated on the sky. Our objects
have an ellipticity € < 0.23 except for SDSS J0321+0016 (e =
0.42, Section [B). The inclination angle i of a round disk galaxy is
related to the observed ellipticity via

.. [1-(1—-¢€)?
sSini = ﬁ, (6)

where u is the thickness-to-diameter ratio of the galactic disk, and
is generally less than 0.1 ). We consider a
configuration that produces maximal Avy,, while maintaining the
ellipticity just below the observed maximum. We take € = 0.23,

T T
o
. s
= L “° “
- ° i
I(/) 10 r ° .O o ]
€ o . ' e A
\J/ (o] (0] ° O o O
A o o o o
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Figure 4. The relationship between (Wgo) (measured from the SDSS fiber
spectrum) and Avpax for our quasar sample. Each data point represents
an entire quasar. Also shown are the radio-quiet obscured quasars from
) and the high-redshift (z ~ 2-3) radio galaxies from

M); in the latter cases, Wy is taken to be 1.088xFWHM
and is thus likely underestimated.

u = 0.1 and the maximal rotational velocity of vy, = 424 km s7',
and we find i = 40° and Avp,, = 545 km s~!. Thus, neither Avy,y
nor vpeq measurements alone can exclude the possibility that we
are observing a gas disk in a massive galaxy.

3.3 Velocity dispersion

We present the spatial distribution of Wy in Figure 3l In 9 out of
11 radio-quiet objects, the distribution of Wy, peaks at ~700-1100
km s7! or even at ~2100 km s~! in SDSS J0319-0019. Exclud-
ing the noisy sporadic spaxels, we find the maximum Wy, value to
be 21000 km s~! in every case, reaching ~2300 km s~! in SDSS
J0319-0019.

In Figure @ we show the relationship between Avy,, and the
linewidths Wy, measured from the SDSS fiber spectra — i.e., inte-
grated over the entire nebulae. We find no correlation between these
two quantities (the Kendall rank correlation coefficient v = 0.05
with probability p = 0.82 that no correlation is present). As we dis-
cuss in Section[d] this result is not surprising in the outflow model,
where Wy reflects the typical bulk velocities of the gas, whereas the
observed Avy,. is much more sensitive to projection and geometric
orientation effects. The three radio objects we have in our compari-
son sample are situated at the low end of Wy, but this happens to be
due to low-counts statistics, and the trend for the radio-loud objects
to have lower Wy, values is not borne out either by measurements

in a larger sample at similar redshifts (Zakamska & Greend [2013)
% the three high-redshift radio galaxies from

).

The extremely high values of Wgy and their lack of correla-
tion with Avy,, are very unusual for gas-rich disk galaxies, un-
less they show high-velocity gaseous outflows
M). The central line-of-sight velocity dispersion of the ionized
gas in stellar disks does not exceed 250 km s~! (corresponding
to Wygo = 640 km s7!) and falls off rapidly away from the cen-
ter to < 100 km s7! (Wgy = 256 km s,
) Even in the ultraluminous infrared galax1es at hlgh red-
shift, which are massive mergers whose gas dynamics is expected
to be most disturbed of all, the observed maximal width of [O mi]
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and He emission lines is Wy =~ 550 km s~ (]Hamsgn_e_t_al]hﬂlj,
|Alaghband-Zadeh et all[2012). Similar argument applies if we con-
sider a gas disk embedded in an elliptical galaxy, where we could
expect a maximum of Wgy ~ 580 km s~'. Our measured values of
Wy are clearly higher than those observed in even the most massive
and most disturbed disk galaxies.

We conclude that a rotating gas disk — whether in the most
massive disk galaxy or in the most massive elliptical — would have
a line profile that is much narrower than what we observe in our
data. The potential of a galaxy, even of an extremely massive one, is
simply insufficient to provide an equilibrium configuration for the
high velocities seen in our sample. We will not consider rotating
disk models further in this paper.

3.4 Spatial variations in velocity dispersion

In Figure 3l we show values of Wy, in all spaxels along with their
modal values as a function of projected distance from the center
(brightness peak). The radial profiles of Wy, are almost flat at pro-
jected distances R < 5 kpc and appear to decrease at larger radii,
with the scatter increasing with R. The possible origin of the mild
decline in Wy is discussed in Section[£.3} here we focus on whether
this observation is reliable.

The primary concern with the measured decline in Wy is that
it coincides with the decrease in the surface brightness of the line
emission and thus with the decrease in the peak signal-to-noise ra-
tio of the data. The same two-Gaussian line profile composed of a
narrow core and a weak broad base would have a higher Wy, value
in the regions of high signal-to-noise and lower Wy in the regions
of low signal-to-noise where the weak broad component can no
longer be identified and the entire Wy, measurement is due to the
narrow core.

To test the robustness of our detection of the Wy, decrease,
we remeasure the radial profiles of Wy at the same signal-to-noise
(S/N) level. To this end, we degrade the observed line profiles to a
specified S/N value by adding the appropriate amount of Gaussian
random noise to the spectral line profile in each spaxel and repeat
all kinematic measurements using these profiles. The resulting ra-
dial profiles of Wy are shown in Figure [3] at different S/N levels.
The profiles at higher S/N are cut off at smaller R: only data with
S /N higher than 20 can be degraded down to S/N = 20. It is clear
from this simulation that noise in the data does have the expected
effect on the Wy, measurement: on average, the Wy, values mea-
sured at S/N = 20 are 20% higher than the values measured at
S/N = 5. This is most likely due to the weak broad bases of emis-
sion lines that cannot be identified in low S/N data. However, the
general trend of Wy slowly declining with R is just as apparent in
the constant S /N profiles as in the original ones.

Finally, using individual Gaussian components, we can inves-
tigate the spatial behavior of the broad and narrow components
individually. Using two-component Gaussian fits we find median
W values of 480 and 1240 km s~! for the narrow and broad com-
ponents among our 11 radio-quiet objects. We find no major dif-
ferences between their spatial distribution, other than the trend that
the high-dispersion components are slightly more centrally concen-
trated, in agreement with our finding that the Wy, radial profile de-
creases outward. Otherwise, the spatial maps of the narrower and
the broader Gaussian components of the line profiles appear round
and featureless (the exception is SDSS J03214+0016 discussed in
Section[3).

This is in contrast to the findings in low-redshift ul-
traluminous galaxies with strong supernovae-driven outflows
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(Rupke & Veilleux 2013). In these objects, the narrow components

(Wgo=110-330 km s~! even in these massive, merger-driven sys-
tems) are preferentially concentrated in disks which show the same
orientation as the molecular gas as well as clear rotational signa-
tures, while the broad components associated with outflows are
preferentially oriented perpendicular to the disk as they escape
from the galaxy along the path of least resistance. In our objects,
using the maps of individual Gaussian components we do not see
either the increased ellipticity or the differences in the spatial ori-
entation associated with this phenomenon. Thus, it is unlikely that
the narrow components in our data are associated with the rotation
of the galaxy disk, and furthermore the host galaxies of obscured
quasars at these high luminosities do not tend to be disk-dominated
(Zakamska et a1l [2006).

Another interesting possibility is that the narrow component
is due to a residual gas disk seen in numerical simulations of gas-
rich mergers with quasar feedback WM), when the
remnant galaxy has already taken its elliptical shape and when the
quasar wind (broad component in this scenario) proceeds in quasi-
spherical fashion. But in this case we would expect to find that
the narrow component has a more compact spatial distribution than
does the broad one, which is not observed. Thus it is most likely
that none of the ionized gas we observe is in a disk-like component.

3.5 Line asymmetry and shape

In the right-hand columns of Figure [3| we show the maps of asym-
metry parameter A and the shape parameter K. With the sole ex-
ception of SDSS J0210-1001, the asymmetry parameter A is uni-
formly negative in the bright central parts of all objects, indicating
heavy blueshifted wings in the line profiles. This is the tell-tale
signature of an outflow which may be proceeding in a symmetric
fashion but whose redshifted part is obscured by the material in the
host galaxy or near the nucleus ).

The line shape parameter is at or above the Gaussian values in
the vast majority of all spaxels in all objects, indicating that line
profiles with wings heavier than Gaussian values are very com-
mon in our objects. In the outer parts of the nebulae, where the
peak S/N of even the brightest emission line [O mi] is just a few,
typically only one Gaussian component is sufficient to fit the line
profile, and therefore both the asymmetry and the shape parameter
tend to be at the Gaussian values. Consistent with previous spatially
integrated spectroscopic studies, the absence of prevailing stubby
line profiles in our spectra with steep sides and double-horn struc-
ture suggests that the quasar nebulae are not rotating extended discs
). This result will become even stronger if we fit the
[O m] line with Voigt profiles instead, which leads to even stronger
wings and thus larger K values.

While the blue-shifted asymmetry of the line profiles is a
strong classical outflow signature, the high velocity dispersions of
the gas and the smooth morphologies of our nebulae also suggest
that the gas is in an outflow. Galactic inflows, although long postu-
lated to exist, have been very difficult to detect, but in the handful
of known cases (mostly at high redshifts) the inflows occur in dis-
tinct kinematic components with small velocity dispersions (e.g.,
M). Inflowing gas clouds illuminated by luminous
quasars may be expected to produce line emission with clumpy
morphology and to be split into distinct narrow kinematic compo-
nents, which is not the dominant appearance of the nebulae in our
sample either in the physical space or in the velocity space. Existing
observations and theory suggest that inflows have a small covering

factor (Dekel et all[2009; [Steidel et all[2010), so we do not expect




10 G. Liu et al.

2000 F SDSS J0149-0048 1 SDSS J0210-1001 1 SDSS J0319-0019 ]
1500 f 1 $ ]
1000 '% oy —— Original T T ]

S/N=20

— §/N=15
S00f —— S/N=10 T ]

—— S/N=5
2000 F SDSS J0319-0058 1 SDSS J0321+0016 1 SDSS J0759+1339 |
1500 F 1 $ ]

1000

500

SDSS J0841+2042

2000

1500

1000

Wgo (km s71)

500

SDSS J0842+3625

SDSS J1039+4512

2000

1500

1000

500

SDSS J1040+4745

3C67,/J0224+2750

2000

1500

1000

500

SDSS J0807+4946

SDSS J1101+4004

5

10 15
Radius (kpc)

20

Figure 5. The radial dependence of Wy in individual objects. Shown by open circles are the modes of Wgq calculated in 1.5 kpc bins using the original data.
For the 11 radio-quiet quasars, we also show the Wy radial profiles when the peak S/N of [O m] is downgraded to certain levels (5, 10, 15 and 20) by adding
extra noise to the real data. For each S/N level, only spaxels where [O m]A5007A originally is detected with this significance or higher are taken into account,

resulting in smaller maximal radii for higher S/N levels.

inflows to result in the ubiquitous blue wings seen in our data. Some
examples of illuminated companion clumps are discussed in Sec-
tion 5 (although these are not necessarily inflowing into the quasar
host galaxy), and we further discuss differences between them and
the kinematic and morphological features of our nebulae.

4 KINEMATIC MODELS AND IMPLICATIONS FOR

OUR DATA

Since we have ruled out disk rotation and inflows as the origin of
the kinematic signatures seen in our data, we proceed to models of
outflows. The models are discussed in the order of increasing com-
plexity and increasing number of observables that they are trying to
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reproduce. In Sections - Tto[E3] we discuss IFU signatures of three
simple outflow models: a spherically symmetric outflow; an out-
flow affected by extinction in the host galaxy; and a biconical out-
flow. We describe the similarities and the differences between the
observed signatures and those predicted by these kinematic mod-
els in Section 4] In Section[d:3 we discuss possible origins of the
Wso(R) profiles.

4.1 Spherically symmetric outflow

Quasar winds propagate into an inhomogeneous interstellar
medium of the host galaxy, and thus we may expect several dif-
ferent gas phases to be present in quasar outflows. Using our ob-
servations of optical emission lines, we are sensitive to one partic-
ular phase of this medium (at 7 ~ 10* K) which is likely concen-
trated in relatively dense (~ 100 cm™) clouds. We observe the com-
bined effect of all clouds, as each individually cannot be spatially
resolved by our current observations. The clouds are likely embed-
ded in lower density, hotter gas which can potentially be observed
at other wavelengths but to which our current observations are not
sensitive. This picture is qualitatively similar to that suggested by
Heckman et al| (1990) for winds driven by supernova explosions
and is supported by the density measurements of the line-emitting
clouds and of the nebulae overall MM) In what fol-
lows, we assume that that the observed emission is produced by
the ensemble of narrow-line-emitting clouds and we discuss their
possible geometric and kinematic distributions.

If the outflow has a three-dimensional velocity profile vy (r)
and luminosity density j(r) as a function of the three-dimensional
radius-vector from the center of the outflow r, then the distribution
of line profiles on the sky (our observable in the IFU data) can be
calculated from the following equation:

I(v;,R) = f J@S(V = vo(r))dv,dvydz. 7

Here R is the two-dimensional radius-vector in the image plane
(x,y), while z is the coordinate along the line of sight (Figure [6
left). If the outflow is spherically symmetric (so that luminosity
density is only a function of spherical radius r), then the radial ve-
locity profiles in the plane of the sky are

2j(r)
I(v;,R) = — ®
VoL = R2/r) + vo(R [P, )\
For a constant velocity vy outflow, this further simplifies to
2R R
I(v.,R) = j ©

Vo (l - vg/vg)}/2 ’

1=V

If we further make an assumption that the luminosity density is a
power-law function of radius from the center of the outflow, j(r) o
r~“, we find that I(v,, R) is a separable function of v, and R:

I
10 R) o (1-92/3)" R, (10)

This means that while the total intensity of the line varies across the
image plane, the radial velocity profile remains exactly the same
(Figure [@ right); thus, in this model Wy, is the same across the
image plane. This somewhat counter-intuitive property is due to
the self-similar nature of the power-law luminosity density distri-
butions. Indeed, in a spherically symmetric outflow, the emission
line profile is entirely determined by projection effects: the v, ~ 0
part of the line profile is contributed by the gas that is propagating
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close to the plane of the sky, whereas other parts of the profile are
produced by streamlines inclined at varying angles to the line of
sight. For power-law luminosity density distributions, the relative
contributions of these points remain the same, even though as we
consider lines of sight further away from the center the total bright-
ness declines.

In a spherical outflow, the line profiles are symmetric every-
where and centered on v, = 0. Thus this model cannot describe
either the line asymmetries or median velocity variations across the
nebulae we observe. However, this model is useful for understand-
ing how the range of physical velocities within the outflow relates
(due to projection effects) to the observed velocity widths of the
emission lines. The Wy, parameter can be calculated as a function
of the physical velocity vy for the line profile (I0) for different val-
ues of @. From surface brightness distributions presented in Paper
I, we know that & ranges from 4.0 to 6.7, with a mean and disper-
sion of 4.8 + 0.7 among the objects in our sample (¢ = 17 + 1 in the
notation of Paper I, where 7 is the power-law slope of the surface
brightness profile). For @ = 4.5, the median value of Wg, within our
radio-quiet sample (974 km s~!) corresponds to a physical velocity
vo = 760 km s~'; the range of « introduces a 15% uncertainty in
vo. Therefore, if the observed Wgy values correspond to the range
of projected velocities in a bulk flow, the physical velocities of the
gas must be very high.

The velocity profiles of constant velocity outflows (Figure [6)
are wingless, with the K parameter significantly smaller than 1 (the
Gaussian value). This occurs because along any line of sight the
maximal range of velocities is limited to —v, to vy: the projected
velocities cannot exceed the physical velocity of the gas. K remains
< 1 for a wide range of plausible luminosity density profiles and for
the case when the gas has intrinsic isotropic velocity dispersion. On
the contrary, profiles with K > 1 are dominant in our data.

One possible solution to this discrepancy is an outflow with a
velocity that is an increasing function of the distance from the cen-
ter. Such velocity profiles may be established during the expansion
of a wind with a steeply declining pressure profile

). For example, a linearly increasing velocity profile v =

vo(r/rp) (not too far off from the velocity profile of the outflow in

SDSS J1356+1026, [Greene et all2012) yields a line profile

R2 2\ /2
I(v,R) o (—2 + —;) , an
o Vo

which for any value of R has a symmetric profile with heavy wings
and a K value of 1.41 (at @ = 4.5), very similar to our observations
(Figure [6). However, in this model the Wy, values are expected to
increase outward o< R, while no evidence for such increase is seen
in our data.

A more natural explanation for K > 1 values is that at every
distance from the quasar the radial velocity of narrow-line clouds
have a broad (and non-Gaussian) velocity distribution, and this lo-
cal velocity distribution (rather than global outflow kinematics) is
the origin of the line profile shapes seen in our sample. This hy-
pothesis can be tested with modern numerical simulations of quasar
feedback in which velocity distributions of high-density regions
(the analogs of the narrow-line region clouds) can be directly mea-
sured ). Qualitatively, they do indeed show a
wide range of velocities at every distance, and the typical distri-
bution appears fairly independent of distance, in agreement with
our observations, but a quantitative measurement of the simulated
clouds’ velocity distribution is necessary to determine whether they
would result in line shapes consistent with observations. Even in
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the case of complicated velocity distributions the median Wy still
reflects the median outflow velocity in quasi-spherical outflows.

4.2 Spherical outflow affected by galactic extinction

A spherically symmetric outflow shows symmetric line profiles and
zero velocity difference across the field of view. In practice the host
galaxy of the quasar often breaks this symmetry. If the host galaxy
is gas- and dust-rich or if there is some circumnuclear material, then
the receding part of the outflow is preferentially extincted. The ex-
ception is the case of the obscuring disk aligned with the line of
sight (inclination angle i = 90°), in which again the outflow ap-
pears symmetric on the sky and we return to the spherical case. We
see strong observational evidence that obscuration is occurring in
our objects, since the asymmetry parameter A is uniformly negative
(meaning that the line profiles show blueshifted asymmetry) in all
our sources except one in the central brightest parts. In this section
we discuss quantitative predictions of this model.

For intermediate inclination angles, we expect to see a change
in median velocity across the nebula: the lower part of the outflow
in Figure [1 left, is expected to be more blueshifted than the up-
per part. The velocity difference Avy,, across the nebula depends
both on the optical depth of the dust disk 7 and on the inclination i.
We show velocity differences and integrated line widths in Figure
[Z right, for a range of 7 and i. In these models, we assume that
the outflow has a constant velocity v, everywhere and that the op-
tical depth 7 is constant across the entire disk of the host galaxy (in
practice it is likely that 7 is highest in the center).

We find that the models populate a fairly wide range of Avp,x
from O to vy, whereas the line widths Wy, stay within ~ 30% of the
spherically symmetric case. Most models predict Avy,x /Wso < 0.5,
and higher values of this ratio correspond to the most extreme case

of host galaxy obscuration (Figure [7). This result is expected: the
smaller the extinction, the closer the outflow is to a spherically sym-
metric case and the smaller is the apparent Av,,,x value. The median
observed value of Avy,,/Wgo among the eleven radio-quiet objects
in our IFU sample is 0.13, and all but three have Avy,a/Wso < 0.2.
Comparison of the distribution of models in the Avy,,, — Ws plane
with the range of observed values (Figured)) suggests that outflows
with vy &~ 760 km s~! and dusty disks with 7 < 1 can yield the
observed values of line widths and velocity differences Avy,,,. We
note that the relationship between Wgy and Avy,, is purely a result
of geometry, and Wy, will increase if the gas is intrinsically turbu-
lent.

4.3 Bi-conical outflow with no extinction

If the outflow is bi-conical, and if the axis of the bi-cones is in-
clined relative to the plane of the sky, then one cone is on average
blueshifted while the other one is on average redshifted. Leaving
aside the geometry of the super-bubbles (discussed further in Sec-
tion 3), we now consider whether such a model can simultane-
ously explain the round morphology of the bright parts of the neb-
ulae and the distribution of the nebulae in the Avy,x — Wso plane
(Figure ). These models are more commonly used when the colli-
mation of the outflow is obvious even in projection on the plane of
the sky (e.g., examples in|Crenshaw et all[2000; Rupke & Veilleux
), but the combination of a wide opening angle of the cone
with beam smearing can result in round morphologies.

We consider a model of bi-conical outflow with three param-
eters: the outflow velocity vy, the inclination angle of the bi-cones’
axis i (i = 0° for an outflow in the plane of the sky) and half-
opening angle 6 (6 = 90° for the spherically symmetric limit). Un-

like the hollow-cone models of (Crenshaw et all (2000) where the
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Figure 7. Left: schematic of the model with a spherical outflow (vo =const) obscured by a layer of dust in the host galaxy (red). Right: observed kinematic
signatures of outflows affected by a dusty disk. The largest observed median velocity difference across the nebula Avp,, and the integrated width of the
emission line Wgq are shown in units of outflow velocity vy which is assumed to be the same in all parts of the outflow. Optical depth 7 increases from 0.4 to
2.4 (from magenta through blue through green to red), with 7 = 0 models shown with black circles at Avy,ax = 0. Only models with i > 45° corresponding to
type 2 (rather than type 1) objects are shown. Models on the right-hand side (in red) can be produced only by strong extinction on kpc scale in the host galaxy.
Five curves in each color show five different values of @ from 3.5 to 5.5. The black dashed line shows the value of Wgg in a spherically symmetric outflow with

a=4.5.

walls of the cone dominate the emission, we are considering filled
cones where the luminosity density scales as r~*. For 6 2 60° and
i < 45° (i.e., wide-angle outflow relatively close to the plane of
the sky), the velocity difference across the nebula is < 0.5v, while
Wy is not too dissimilar from the spherical case (=~ 1.3vy) since the
opening angle of the outflow is not too far from spherical. Thus, the
bi-conical models can qualitatively reproduce the positions of our
nebulae on the Avy,, — Wso plane as long as the opening angle of
the bi-cones is wide enough that the approaching and receding bi-
cones are not too widely separated in projection on the plane of the
sky, thus making the nebula appear round rather than collimated.

4.4 Summary of basic outflow models

A spherically symmetric, constant velocity outflow with a power-
law surface brightness distribution (Section LT} displays a round
morphology and a constant line-of-sight velocity dispersion across
the nebula. Both of these characteristics are seen in our data: the
ellipticities of the nebulae around radio-quiet quasars are much
smaller than those of nebulae around radio galaxies (Paper I) and
the radial profiles of Wgo(R) are nearly constant. The most impor-
tant result we can glean from this simple model is that it ties the
observed line width to the physical velocity of the gas within the
outflow since the latter is determined purely by projection of the
outflow velocities onto the line of sight. The exact ratio of the two
is slightly dependent on the slope of the surface brightness profile,
but is typically Wgo =~ 1.3vy.

A spherically symmetric outflow has zero mean velocity along
the line of sight since the approaching and the receding gas con-
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tributes equally at every point on the sky. In the observed data we
do see variations in radial velocity accross the nebulae, but they
tend to be much smaller than the entire range of velocities as seen
from the line widths. The observation of non-zero radial velocity
differences across the nebulae suggests that we do need to consider
non-spherical models, but the fact that Avy,, < Wy suggests that
the deviations from the spherical symmetry are modest, that quasar
outflows have large covering factors, and that the line-of-sight ve-
locity distribution can be indeed used to estimate outflow velocities.

The distribution of objects in the Avy,, — Wso plane can be
reproduced equally well with spherical outflows whose redshifted
side is obscured by a 7 < 1.0 layer of dust in the host galaxy or
wide bi-conical outflows with cone opening angles 26 = 120°. The
model with extinction predicts that the redshifted parts of the line
profile should be on average slightly fainter than the blueshifted
ones, whereas in the bi-conical outflow model there is no such ef-
fect. One example where this prediction appears to be borne out
by our observations is SDSS J1040+4745, where the peak of the
[O m] emission is offset by 1 kpc from the peak of the continuum
emission in the direction of the radial velocity gradient, toward the
blueshifted part. This object also has the highest blueshift asymme-
try in the sample, suggesting a high value of extinction. In other ob-
jects we see no dependence of brightness on velocity, which would
favor bi-conical models. On the other hand, the universally negative
line asymmetries seen in the central parts of the nebulae favor mod-
els with extinction. Perhaps both slight collimation and extinction
are taking place.

Where is this extinction taking place? The observed signatures
that suggest partial obscuration are the differences of the radial ve-
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locity across the entire extent of the nebulae and the almost uni-
formly negative asymmetry parameter A over the central few kpc
of the nebulae (at larger distances the S/N of our data may not
be sufficient to determine deviations from line symmetry). Both
these observables suggest that extinction is not confined to the cir-
cumnuclear region but rather operates on galaxy-wide scales. Dust
embedded with a spherically symmetric outflow could produce the
requisite line asymmetries, but not the patterns of radial velocities
which suggest an inclined disk. As was discussed before, the host
galaxies of obscured quasars tend to be ellipticals, but with unusu-
ally high presence of gas, dust and star formation

Mjﬁ; Liu et alJM). Perhaps obscured quasars tend to trace
a particular stage in the evolution of elliptical galaxies right before
they are cleared of residual gas. Therefore, despite their elliptical
morphology, the host galaxies of obscured quasars may contain suf-
ficient gas to provide the extinction required by our models.

The spherical model, the extincted spherical model, and the
bi-cone model with gas moving at the same velocity v, produce
line profiles that are stubbier than a Gaussian because all are lack-
ing high-velocity gas. The almost constant radial profiles of Wg,(R)
suggest that the physical velocities of the outflow are not strongly
dependent on the distance from the quasar. Thus, a range of cloud
velocities at every distance from the quasar (but with similar veloc-
ity distributions at different distances) may be required to explain
the line profile shape in all these models. For example, an outflow
with two velocity components, one at vy = 375 km s~! and the other
one at vy = 970 km s~ would reproduce the median parameters of
the two-Gaussian fits to the emission lines among the radio-quiet
sample, and the combined narrow core + broad wing profile would
have K > 1.

We note that discussed in this paper are purely geometrical
models assuming that the bulk velocities are the dominant com-
ponent. These models are highly simplified on the details of gas
dynamics, neglecting gas instabilities, fragmentation process, tur-
bulence created by the outflow as it expands into the ambient gas
and other complications.

4.5 Declining velocity dispersion profiles

In Section B3] we find that the Wg, parameter is almost constant
across the nebulae in most cases, perhaps declining slightly toward
the outer parts. We thus confirm the previous results based on long-
slit observations which indicated flat o4, (R) profiles
M). For objects whose morphology is close to round and whose
velocity variations across the nebulae are significantly smaller than
the line widths, the most natural explanation for the flat Wy, profiles
is a spherical or quasi-spherical outflow with essentially constant
velocity. We accept this as the “Oth order model” for our kinematic
data and now discuss the possible origins of the mild decline of Wg
with distance from the center.

If emission-line clouds are all thrown out from the central re-
gion of the galaxy at the same time, but with different radial veloci-
ties, then at some later time ¢ the objects with velocities v end up at
distances r = vt. Thus in the snapshot of this outflow taken at time ¢
the velocities are linearly increasing as a function of distance, even
though no outflow acceleration is taking place. In Section F1] we
demonstrate that such outflow has a Wy, profile that is linearly in-
creasing with the projected distance R, and thus this model (analo-
gous to the Hubble flow) is ruled out by the data. We thus conclude
that the observed outflow did not originate as a quasi-instantaneous
explosion but rather was established over an extended period com-
parable to its life time 7 = 14 kpc / 760 km s™' = 1.8 x 107 years.

There are at least four different mechanisms capable of estab-
lishing an apparently declining Wgo(R). One is that of episodic ex-
plosions. The first explosion of quasar feedback sends out a shock
wave through the interstellar medium of the galaxy and clears out
some of it M). The terminal velocity of this flow is
determined by the amount of energy injected and the amount of re-
sistance from the medium that needs to be cleared away. But in any
subsequent episodes the resistance is smaller and smaller, and thus
one might conclude that the terminal velocity becomes higher and
higher. This is an attractive possibility, best explored using numer-
ical simulations. A quantitative understanding of this process will
shed light on the amount of interstellar medium remaining in the
galaxy at the time of our observations and will help us understand
the stages of quasar feedback.

The second possibility is that once the clouds are accelerated
somewhere close to the quasar, they proceed ballistically and thus
they slow down as they climb out of the potential well of the host
galaxy @(r). If the potential is that of an isothermal sphere with a
core, characterized by the circular velocity at infinity v, and core
radius o, then the radial velocity of ballistic clouds is

V(R = V(o) + gvgm (r—r" - 1) o2 ln(%). (12)
Taking v,(ry) = 760 km s7', ry = 1 kpc, and vre = 300 km s7!,
typical for massive galaxies, we find that at 10 kpc the clouds slow
down to v.(10 kpc) = 230 km s~'. This would produce a decline
in Wy, that is significantly stronger than observed. So either the
potential wells of the galaxies in question are not as steep as this
calculation suggests, or (as is more likely) the clouds are contin-
ually pushed by the low-density unseen volume-filling component
of the wind.

The third possibility is that in the central parts of the nebu-
lae the clouds are moving with large turbulent motions, but once
they are thrown out of the galaxies their motion becomes purely
radial. If the clouds in the center have an isotropic velocity disper-
sion and they conserve their radial component v, on the way out,
then the observed line-of-sight velocity dispersions are related via
Tjipulk = O urbulent/ \a@, where @ ~ 4.5 is the index of the emissiv-
ity profile (j(r) oc ¥~®). This simple calculation corresponds to the
limiting case of an outflow that transitions from isotropically turbu-
lent to purely radial and results in a more rapid decline in Wy, than
what is observed (median among our objects is 30% over 10 kpc).
Milder changes in the degree of radial anisotropy would produce
milder changes in Wgy. Thus the observed Wg,(R) profiles may be
due to the velocity dispersion of the clouds becoming more radially
anisotropic at larger distances from the quasar. These scenarios and
the origin of the more isotropic (turbulent) motions of clouds in the
central parts are best probed by the numerical simulations.

The fourth possibility is that in the central parts the wind ex-
pands in all directions from the quasar, whereas at larger distances
the opening angle of the outflow is decreased, perhaps because
there are low-density regions along which the wind prefers to prop-
agate. This may occur for example in a galaxy with a flattened
gaseous atmosphere or a thick gaseous disk. The wind starts ex-
panding in all directions, but when its size reaches the typical scale-
height of the galactic disk, the directions perpendicular to the disk
become much less obstructed by the interstellar medium, and the
wind breaks out in these directions (Faucher-Giguere & Quataert
M) producing the “bubbles” discussed in Section [S) Numeri-
cal simulations show that this phenomenon is expected both for
jet-driven winds (Sutherland & Bicknell M) and for supernovae-

driven winds ) breaking out of a thin galaxy
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disk. Because the opening angle of the outflow is reduced once
it becomes confined into the preferred directions along the path
of least resistance, the range of projected velocities is reduced as
well. Thus we would expect to see a smaller range of velocities in
the confined parts than in the isotropically expanding parts.

Quantitatively, if the outflow has a constant velocity vy, the
axis of the break-out cone is in the plane of the sky and the half-
angle of the cone is 6, then the line-of-sight velocity dispersion
observed within the cone is

fORtanH ](r)f—idz
j(-)RtanH ](r)dz

Assuming a power-law luminosity density j(r) < r~* (@ =~ 4.5), we
can use this equation to calculate how much the observed line width
changes when we switch from a spherically symmetric (6 = 90°)
outflow to a narrower conical one. For example, to reduce the ob-
served Wy from ~ 1000 km s™! to ~ 300 km s~! would require a
collimation within 20 ~ 30°. Thus, a rapid decline of Wy, accom-
panied by an apparent narrowing of the outflow is likely due to the
fact that the outflow becomes more directional or more collimated
within these structures. We present possible examples of this model
in Section 3]

O'ﬁ(R, 0) = v% (13)

5 EXTENDED MORPHOLOGY: ILLUMINATED
COMPANIONS VS. SUPER-BUBBLES

The dominant morphology of the [O m] nebulae in our radio-quiet
sample is smooth and round (Paper I), in contrast to the clumpy
and irregular morphology of the three radio-intermediate and radio-
loud objects that we observed as a comparison sample and of low-
redshift radio quasars studied by [Fu & Stocktonl (2009). One excep-
tion is SDSS J0210-1001, in which we detect a surface brightness
peak in [O m] about 1.5” (10 kpc) away from the central source
which was also seen in our previous long-slit observations of this
object ). The [O m] emission line in this region
shows two peaks, one due to the main nebula and one due to the
presumed companion, with the line-of-sight velocity relative to the
main nebula of about 300 km s~! and a velocity dispersion of ~ 70
km s~!'. The fact that this feature shows a separate surface bright-
ness peak, its compact extent (and in particular the fact that it does
not extend beyond the reaches of the main nebula) and its low ve-
locity dispersion all suggest that it is a small gas-rich companion
galaxy illuminated by the quasar, although no continuum emission
from this clump is detected.

A different type of extended morphological and kinematic fea-
tures are present in SDSS J0319-0019 (Figure[8l top). In most ob-
jects, the surface brightness of [O m1] emission is a steeply declining
function of distance (I o«« R™3 or so0). Thus, the extent and shape
of the nebulae are largely insensitive to the exact surface brightness
level at which we cut off our maps (Figure [0). In this source, how-
ever, there is weak, very extended emission with typical peak S/N
of the [O mi] emission of 1.5 (although the significance of detection
is much higher since many correlated spectral pixels are used in
profile fitting). The low surface brightness emission in this source
has a symmetric X-shaped morphology. We hypothesize that the
quasar wind in this source broke out of the high density interstel-
lar medium and is now expanding into the intergalactic medium
largely perpendicularly to the main plane of the galaxy, in “super-
bubbles” that extend at least out to 15 kpc from the central quasar
on either side. Such features (albeit with more modest extents)
are seen in local starburst galaxies (e.g., NGC 3079,
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@) and have been proposed as the typical expected morphology
of quasar-driven winds (]Eau_che_ri‘ugmr_e_&gmﬁmﬂ [2012). The
symmetry of the features relative to the main source and the X-
shape suggestive of limb brightening of the gas that is expanding
sideways and plowing into intergalactic medium argue against the
origin of this gas in a companion galaxy of the kind we likely see
in SDSS J0210-1001.

Even in the high-quality IFU observations presented here it
may be difficult to distinguish ionized dwarf companion galaxies
and super-bubbles. Both types of features may show median veloc-
ity that is significantly distinct from the main source — in the former
case, due to the orbital velocity of the companion and in the latter
case, due to the bulk velocity of the flow in the bubbles. Both types
of features may show relatively low velocity dispersion — in the for-
mer case, due to the weak gravity of the companion galaxy and in
the latter case because most of the emission may be coming out not
from the bulk of the bubbles but rather from the high-density ma-
terial accumulated in walls of the bubbles. We previously found a
quasar-driven super-bubble candidate SDSS J1356+1026 via long-
slit observations ) which is limb-brightened as

well and in which each kinematic component has a velocity disper-
sion of about 100 km s~!.

The discriminating observable is whether there is stellar con-
tinuum emission associated with the line emission in the extended
feature — we do not expect to see any in the bubbles (nor do we
in the case of SDSS J1356+1026, ), but we do
expect to see it in an illuminated companion galaxy. Unfortunately,
our data are not very sensitive to the continuum, and thus the non-
detection of the continuum in the extended components is not con-
straining. This issue can be resolved with HST observations sensi-
tive to stellar light continuum.

To expand our search for super-bubble candidates, we now fo-
cus on the very low surface brightness emission and look for signs
of elongated extended structures around our quasars (Figure[9). In
addition to SDSS J1356+1026 presented by [Greene etall (2012)
we identify the following quasar-driven super-bubble candidates
detectable on projected scales 10-15 kpc from the quasar:

e SDSS J0319-0019 (Figure [): strong candidate with X-
shaped extended emission symmetric around the center. The
maximal velocity difference between the opposing sides is ~200
km s~! and the typical line width in the emission associated with
bubbles is Wgy ~ 200 km s~!. In addition to hosting a luminous
obscured quasar, this object shows a classical post-starburst (A-
star dominated) spectrum m M).

e SDSS J0321+0016 (Figure B): strong candidate with two
extended regions on the opposite sides of the nucleus. The max-
imal velocity difference between the opposing sides is ~600
km s7! and the typical line width in the extended regions is
Wso ~ 200 km s~'. The half-light size of the continuum-emitting
region (4.3 kpc) is smaller than the half-light size of the narrow-
line region (5.2 kpc, ). While this is not a proof
that the very extended regions are continuum-free (because of
the low sensitivity of our data to continuum emission, there could
be continuum light there that we cannot detect), it is an indica-
tion that the line-to-continuum ratio increases from the center to
the outer parts. There is no evidence that the extended regions
are limb-brightened, so we may be seeing the bulk flow within
the bubbles in this object.

e SDSS J0842+3625 (Figure B): moderate candidate with
symmetric regions extended along the main illumination axis of
the quasar as determined by ground-based polarimetric obser-
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arcsec™2), radial velocity and Wgy maps (both in units of km s71) of two

super-bubble candidates. The top row is for a strong candidate SDSS J0319-0019 recovered by single-Gaussian fits, measured down to S/N = 1.5 for the [O
m] peak, in order to map the outer regions to the largest possible galactic radii, where for most spaxels single-Gaussian fits are the best model by our standard.
The bottom row is for a tentative candidate SDSS J1039+4512 recovered by single-Gaussian fits to S/N = 2.5.

vations (Zakamska et al ”mﬂ Lw_a_]uLj) this geometry is
similar to that seen in SDSS J1356+1026 m IE)
In this object the region of higher Wy is elongated and oriented
nearly perpendicular to the illumination / elongation axis which
has lower Wg.

e SDSSJ1039+4512 (Figure[8] bottom row): moderate candi-
date in which one-sided extended region with low Wy, is revealed
in low S /N maps. The counter-feature may also be detected with
a much smaller extent.

e SDSS J0210-1001: unlikely candidate in which the ex-
tended region of distinct kinematics is more likely associated
with a quasar-illuminated companion galaxy. We include this ob-
ject on the list because there is a slight hint of a counter-feature
in the surface-brightness maps (Fig.B). The depth of our data are
not sufficient to examine this further.

The four strong / moderate candidates demonstrate (i) high
ellipticity of outer surface brightness contours; (ii) extended fea-
tures located opposite one another relative to the nucleus (or in
the case of SDSS J1039+4512, a hint of a counter-feature); (iii)
smaller Wy in the outer parts consistent with the limited range of
angles of propagation, as discussed in Section[£3] For example, in
SDSS J0321+0016 the line-of-sight velocity dispersion drops by a
factor of 3-3.5 in the extended super-bubbles compared to the cen-
tral parts. Using equation (I3), we find the full opening angle of
the cone of 26 ~ 30°, consistent with the observed morphology of
this source. The X-shape of the other strong super-bubble candidate
SDSS J0319-0019 suggests that in this case we are likely seeing
the walls rather than the bulk of the conical outflow, and thus the
approximation used in equation (I3) is not applicable.

In addition to these major extended features, we detect a num-
ber of weaker emission-line blobs (Fig.[9). For example, in SDSS

J0759+1339 we find a compact companion at a distance of 3.6” (25
kpc) from the quasar. It is an emission-line object at the redshift of
the quasar, with a relative line-of-sight velocity of 250 km s~ and
an apparent velocity dispersion of 80 km s~! (i.e., marginally re-
solved at our spectral resolution). Similarly, in SDSS J0319-0058
we find an emission line object 3” (20 kpc) away from the quasar
(top right corner of the field of view of SDSS J0319-0058, Figure
), with a relative line-of-sight velocity of about —40 km s~! and an
apparent velocity dispersion of 53 km s~! (unresolved at our spec-
tral resolution). Another fainter emission line object (2.2”, or 15
kpc, below the quasar in the Figure) has a relative line-of-sight ve-
locity of —130 km s~! and an apparent velocity dispersion of 70 km
s~! (marginally resolved at our spectral resolution). This source was
also identified bym ) in long-slit observations with a
relative line-of-sight velocity of —198 km s~!. The difference in the
two reported values of line-of-sight velocity of ~ 60 km s~! is due
to the difference in the assumed redshift for the main quasar and is
part of the uncertainty in the host galaxy redshift discussed in Sec-
tion[2.3] We assume that these emission-line sources are emission-
line companion galaxies to the quasar host galaxy that happen to
be within the small field of view of the IFU observations. In this
case they are likely unrelated to quasar activity and quasar winds,

although in some cases they may be photo-ionized by the quasar
producing a high [O m]/HS ratio (lEu_t_a%l] )

The morphologies and kinematics of radio-loud objects in our
sample are noticeably more complex; this situation is similar to that
in the sample of radio-quasars studied by (Fu & Stockton [2009). It
appears that in these sources, the rotation of the host galaxy, the
outflow due to the jet, companion galaxies and illuminated tidal
debris all contribute to the observed diversity of features.
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Figure 9. Maps of S/N ratios at the peak of the [O m] emission line profile which allow for seeing low surface-brightness features.

6 ENERGETICS OF THE WIND

6.1 Standard “Case B” estimate

A big difficulty in estimating the energy rate of the wind is pre-
sented by its multi-phase nature, which likely consists of a low-
density, high-temperature outflow with clouds of varying densities

embedded in it (Zubovas & King2012). It is likely that only a frac-

tion of the mass of these clouds is in the warm ionized phase that we
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detect using optical emission lines. For example,m
) directly observe a higher mass in the neutral gas phase than
in the ionized gas phase in the outflows from star-bursting ultra-
luminous infrared galaxies, although, granted, in these systems one
may expect milder ionization conditions than in luminous quasars
we present here. The lowest limit on the mass and energy of the
wind can be obtained just by counting photons emitted by recom-
bining hydrogen atoms. Under the “Case B assumption and adopt-
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ing an intrinsic line ratio of Ho/HB = 2.9 followingm
2011 and |Osterbrock & Ferland (2006), the total mass of the ob-

served ionized gas can be expressed as

M _ L ( ne ) (14)
2.82x10° My,  \10% erg s~ J\ 100 cm=3 /"

The [O m] line luminosities of our eleven radio-quiet quasars span
arange Loy = 10**743 erg s~ with a median of 10**? erg s7!.
Since these recombination lines are dominated by the spaxels close
to the bright centers where [O m]/HB ~ 10, Lyg is typically 2 x
10*? erg s~!'. Adopting an electron density n, = 100 cm™ (this is
around the critical density of the lines and is what is inferred for the
densities from [S 1] in ; radio galaxies at z=2-3
also have n, of a few 100 cm™ as found by INesvadba et al“ﬂﬁ,
2008), we find My, =(0.2-1)x10° My, with a median of 6x 108 M.
For an outflow with a constant velocity of 760 km s~!, we estimate
the total kinetic energy of the outflowing ionized gas to be

1
Eyin = §Mgas"§as = 10%69578 epg, (15)

Nesvadba et all (2008) find extinction Ay=1-4 mag in high red-

shift radio galaxies, and taking into account the dust extinction can
roughly scale up this estimate by an order of magnitude. Hence, the
standard calculation using Balmer lines yields a total kinetic energy
of outflowing ionized gas of 103 erg. The energy injection rate
required to yield this amount of energy over the life time of the

nebula 7 = 1.8 x 107 years is therefore Eyj, ~ 2 x 1044 erg s7!.

6.2 Kinetic energy and mass flow

We have additional information on our winds which allows us to
improve on this calculation. The narrow-line—emitting gas is likely
in the form of relatively dense clouds embedded in hot, low density,
volume-filling wind. If the clouds are dense and big enough, they
remain largely optically thick to the ionizing quasar radiation. Only
a thin shell on the surface of these so-called ionization-bounded
clouds would produce emission lines. As the clouds move out with
the wind, the ambient pressure declines, the clouds expand and they
become optically thin to ionizing radiation (i.e., they enter “matter-
bounded” regime). Both the size-luminosity relationship we see in
quasar nebulae (Rjo ) o« L?(')zﬁ]o'oz) and the [O m]/Hp ratios strongly
declining in the outer parts of the nebulae indicate that we have
likely detected this transition which occurs at the mean distance of
D = 7.0+1.8 kpc among the objects in our sample MM)

We now estimate the rate of kinetic energy flow at distance D
from the quasar. To this end, we use the clouds that are transition-
ing from the ionization-bounded to the matter-bounded regime and
are thus in the “sweet spot” for such calculation. On the one hand,
these clouds are fully ionized and therefore we are not missing any
neutral mass in this estimate. On the other hand, the number of ion-
izing photons in these clouds is balanced by the number of recom-
binations and therefore these clouds do not become over-ionized to
higher ionization states and temperatures than would be observable
with our data MM)

Let & be the number density of such clouds per unit volume
at distance D, m, their mass and v, their velocity. Then the kinetic
energy flow due to these clouds through the spherical shell of radius
D from the quasar is

Eyin = 27rD2jq’mCV3.. (16)

Both £ and m, are at the moment very poorly known, but fortunately

their product is directly related to the amount of luminosity density
in recombination photons that these clouds produce:

Jug = hvagRugnun.émep, I a7

Here Ry ~ 1.6 X 107 cm® s7! is the emissivity coefficient of HB
at temperature 20,000 K (Osterbrock & Ferland 2006), /vy is the
energy of each photon, 7, and ny are electron density and hydrogen
density related via n, ~ 1.2ny for the mix of ionized hydrogen and
helium, p. = nuMpo0n/X is the mass density of the clouds and
X = 0.7 is the hydrogen fraction by mass.

At the same time, jyg can be strongly constrained from our
observations. Within the matter-bounded region, the emission line
surface brightness of our nebulae falls off as Ijz(R) o« R™¢ with
¢ = 3.5+ 1.0 among the objects in our sample ). As-
suming a spherically symmetric nebula and using Abel transform,
we find

Inp(D)
1.44D°

where the numerical coefficient ﬁl"(%)/l“(%) = 1.44 is calcu-
lated for { = 3.5. The surface brightness at the transition point
Iyyp(D) is an observable equal to 4mXyz(D)x (arcsec/radian)?, where
¥ is the surface brightness in units of erg s™' cm™2 arcsec™2. Using
values of Zjon(D) and [O m]/Hp at the break radius presented in
Paper 1, we find that the values of Zyg(D) (where the observed val-
ues need to be multiplied by (1 +2)* to correct for the cosmological
dimming) are distributed within a narrow range from 3.0 x 107" to
5.6 x 10715 (with a median of 3.4 x 107%) erg s™! cm™2 arcsec 2.
Putting all relations into equation (I8)), we find

_ 2nlyg(D)m,Dv?
" 1.44XhvgRugn,

Jup(D) = (18)

Kin 19)
The electron density inside the clouds is not well-known. In the
brightest parts of the narrow-line region n, is usually assumed to
be a few hundred cm™ from diagnostic line ratios, but no good
measurements are available in the outer parts of the nebulae. If the
clouds are confined by the wind whose pressure declines o« 72 (as
required by the nearly constant [O m]/HS ratios seen over a large
range of distances), then we expect the density inside the clouds
to decline o« r~2 as well because the temperature established in
photo-ionization balance is roughly constant MM) Thus
if n, ~ 100 cm™ at 1 kpc from the quasar, we expect it to fall to
at most a few cm™ at the transition distance D = 7 kpc. Taking
the upper limit on n, to be 10 cm™ following
), we find a lower limit on kinetic energy:

Egin _ (D)
4.1x 10 ergs™ (5 x 10715 erg s~! em™2 arcsec*z)
(i) i) () -
7kpc J\760km s~!/ \10 cm™3/ °

This calculation assumes that clouds constitute only a fraction
of the volume of the wind:

Zup(D)
F = émep;' = 0014 id
Emepe (5 x 10~ erg s~! cm arcsec‘z)
D e -2
. 21
(7kpc)(100m‘3) @D

Since this filling factor is constrained to be < 1, the minimal n, of
the clouds at the transition distance (corresponding to clouds filling
up all the volume) is 1.2 cm™>, giving the maximal kinetic energy
of 3.7 x 10% erg s,

This is an impressively high amount of kinetic energy flux in
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just the ionized clouds alone. To re-iterate, in deriving this estimate
we only take into account the matter that is directly observed via its
hydrogen recombination lines. Neither the highest density neutral
or molecular phase, nor the lowest density volume-filling phase are
included in this calculation. We use two observables from Paper I:
the distance from the quasar at which the clouds transition from
ionization-bounded to matter-bounded, and the surface brightness
of the HQ line at this distance. Both of these values have very small
spread among the objects in our sample, perhaps because our tar-
gets were originally selected to be within a narrow range of [O
m] luminosity. Our third observable — the velocity of the outflow
— is the result of measurements in this paper. The energy injection
rate derived using our new method is higher than the standard Case
B estimates. The Case B estimate accounts for just the mass of
the nebula that is currently in the ionized form: if any clouds are
ionization-bounded and retain a neutral core, only the kinetic en-
ergy of the ionized part is taken into account. In our new estimate,
we use the fact that the entire mass of the clouds becomes ionized
(and thus visible in emission lines) at the transition distance.

The mass outflow rate in the observed ionized gas is M =
2Eyi0/v2, or

M ~ hp(D)
2240 M, yr~! |5 x 10-15erg s=! cm~2 arcsec™?

D Ve e -1
. 22
(7 kpc)(760 kms~! )(10 cm‘3) @2

Furthermore, if the lower limit to the electron density is again given
by the constraint on the volume filling factor of the ionized gas and
is equal to n, = 1.2 cm™, then we get an upper limit on mass
flux of M = 1.9 x 10* M, yr™'. Thus if the feedback episode lasts
for 107 years with the same intensity as observed at the current
epoch, the wind is capable of eliminating 2 x 10*'°M, worth of
gas from the galaxy at the rate given by equation (22 and an order
of magnitude more if the density n, is closer to its lower limit. If
the clouds originated close to the center of the host galaxy, then
the time required for them to travel out to the median extent of the
nebulae of 14 + 4 kpc at 760 km s7! is 1.8 x 107 years; this sets
the minimal duration of the activity episode. This is a sufficient
time to eliminate much of the gas available for star formation even
in a massive, gas-rich galaxy at the rate given by equation (22).
We discuss the application of equations (20) and 22) to individual
objects in the next subsection.

6.3 Powering the outflow

What can power an outflow of such large kinetic energies? Al-
though star-bursting and star-forming galaxies can produce spec-
tacular galaxy-wide outflows, this is likely an insufficient source
of energy in our objects. Indeed (repeating the arguments we pre-
sented in ), for every solar mass of stars formed
the stellar winds and supernovae can yield at most 7 x 10*' erg s
worth of kinetic energy of the outflow (Leitherer & Hegkmaﬂugﬁ;
). Thus in order to produce outflow energies in
the range 4 x 10 erg s!, we need infrared luminosities due to
star formation Lgr > 10% erg s~!. Although we do not know the
star formation rates in the objects in our IFU sample, the median
star-formation luminosity of the host galaxies of luminous obscured
quasars is 2 X 10 erg s™! (Zakamska et al| 2008) which would be
inadequate for producing the observed outflows by at least an order
of magnitude.

A more directly observable way to compare outflows from
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star-forming galaxies and quasars appears to be outflow velocity.
Although without a mass measurement the velocities do not di-
rectly translate into outflow kinetic energy, they are easily mea-
surable and appear to be significantly different in our quasars com-
pared to even the most extreme star-forming objects.

(2005) and Rupke & Veilleux (2013) conducted a study of outflows
from ultraluminous infrared galaxies and concluded that typical
spatially averaged maximal outflow velocities in starburst-powered
sources are (vp;) ~ —500 km s~!, whereas the quasar-dominated
objects in their sample tended to show much higher values — a me-
dian of (vp;) ~ —1000 km s~! in the ionized gas outflow from
the three quasars presented by [Rupke & Veilleux 2013. We find
an excellent agreement between this value and the one derived
from our sample, in which the sample median and dispersion is
(voa) ~ =950 + 370 km s~'. The maximal values voy . are also
more extreme in quasar-driven outflows than they are in starburst-
driven ones, by about 500 km s~! on average in

). These values reach —2400 km s~! in our sample and —3350
km s~! in quasars in their sample, although there is always a chance
that beam smearing in our much more distant objects biases this
value low.

We therefore assume that the observed outflows are powered
by the quasar activity and set out to determine the fraction of the
bolometric luminosity that is converted into the kinetic energy of
the ionized gas. For this calculation we use ten objects — all our
radio-quiet quasars except SDSS J0319-0019 in which the tran-
sition from the ionization-bounded to the matter-bounded regime
was not detected in Paper 1. Determining the bolometric luminos-
ity of obscured quasars is not a straightforward enterprise since
they are obscured at X-ray, optical and even mid-infrared frequen-
cies (Zakamska et al]M; Jia et alJM). Narrow emission lines
themselves can be used as a tracer of the bolometric activity, but
line luminosity vs. bolometric luminosity correlations have a large
scatter (o0 ~ 0.5 dex). The best data available to us at the mo-
ment for the determination of the bolometric luminosity is from the
Wide-field Infrared Survey Explorer (WISE; )
which provides all-sky catalogs at 3.4, 4.6, 12 and 22um. All the
sources in this paper are detected by WISE which allows us to cal-
culate K-corrected monochromatic luminosities vL, at rest-frame
5 and 12um. These values are shown in Figure [[0h together with
Iﬁral energy distributions of unobscured quasars

).

The simplest approach is to apply the standard photometric
corrections derived from unobscured quasars (e.g., a factor of 9 at
12um, Richards et al| [2006). However, the spectral energy distri-
butions of obscured quasars are strikingly redder than those of un-
obscured ones, indicating obscuration even at mid-infrared wave-
lengths (Zakamska et alJM). Therefore, such a basic photomet-
ric correction would likely result in an underestimate of the bolo-
metric luminosity, since WISE data clearly do not probe the peak of
the spectral energy distributions of our sources. Another approach
is to extrapolate the spectral energy distribution of our sources to
30pum using the observed slopes, assume that the emission at that
wavelength is not significantly affected by absorption, and again
use the bolometric correction derived from unobscured quasars
(factor of 13 at this wavelength, [Richards et al![2006). We use both
approaches to bracket our estimate of the bolometric luminosity
which is now contained to ~ 0.7 dex intervals (Figure [[0b) but is
still rather uncertain. The black points in Figure [[Ob derived from
the VL, 5,m data provide strict lower limits on the bolometric lumi-
nosities. Although our data does not allow for calculating the black
hole masses, the median value of the derived bolometric luminosi-
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Figure 10. Left: monochromatic luminosities of 10 obscured quasars (black) at 5 and 12 pum in the rest-frame connected using a power-law fit to the spectral

energy distribution. Also shown are composite spectra of unobscured quasars from

M) (bright, reddened and faint quasars from top to

bottom). Right: the relationship between bolometric luminosities of the quasars and the kinetic energies of their outflows as measured from the IFU data.

Black points show bolometric luminosities computed using vL, 12;m With a bolometric correction of 9 from

M) and kinetic luminosities

computed from the Wgq of the entire line profile fit. The blue rectangles show the range of values we obtain when we correct for obscuration and / or allow
for a two-component outflow. Slanted dashed lines show different values of the fraction of the bolometric luminosity converted to the kinetic energy of the

outflow.

ties of our sample (1068 erg s~!) is close to that of ,
10%7 erg s~!). Adopting their median Eddington ratio (~0.7), we
estimate the Eddington luminosity of our sample to be Lggq ~ 10%7°
erg s™!.

As for the kinetic energy of the outflow, all values which enter
equation (20) are tabulated in Paper I and repeated in Table 2] with
the exception of v, which we take to be Wsy/1.3 with Wy, from
Table[1l Splitting the wind into a slow component and a fast one
as discussed in Section E 4] results in a small change in the Kinetic
energy estimate.

Taking just the black points in Figure [[0lb, we find that there
may be a weak positive correlation between the kinetic energy of
the ionized gas outflow and the estimated bolometric luminosity,
but it is not yet established with reasonable statistical confidence.
The probability of the null hypothesis (uncorrelated datasets) as
measured by the Spearman rank correlation test is about 4%. The
fraction of the bolometric luminosity converted to the kinetic en-
ergy of the ionized gas is between 0.3% and 10% in all cases, with
the median of 2.3%. These rates of conversion of bolometric lumi-
nosity to kinetic energy of the outflow are not dissimilar from those
found by Harrison et all (2012), and are also consistent with the re-
cent spectroscopic observation of a broad absorption line quasar by
) that finds a large-scale outflow (3 kpc from the
central source) with a similar kinetic luminosity (Ey, ~ 10% erg
s7!, ~1% of the bolometric luminosity).

7 CONCLUSIONS

In this paper, we present kinematic measurements of the warm (~
10* K) ionized gas surrounding eleven luminous obscured quasars
obtained using Gemini-GMOS IFU observations. Our key observa-
tional findings are as follows:

e The radial velocity differences of the emission-line gas

across the nebulae are modest, ranging between 90 and 520 km
s~! for the objects in our sample.

e The range of velocities comprising 80% of the total line
power (Wgp; a measure that for a Gaussian profile is very similar
to FWHM) is between 500 and 1800 km s~! for the spatially
integrated emission from our sources, with some parts of some
objects displaying Wgo up to 2300 km s~!. The high values of the
line-of-sight velocity dispersion rule out the possibility that the
gas clouds are gravitationally bound to the host galaxy or are in
an equilibrium configuration in a galactic disk.

e The combination of modest velocity differences and high
velocity dispersions, as well as nearly flat profiles Wgo(R) lead
us to propose a model of quasi-spherical outflows with a median
velocity of 760 km s~! among the objects in our sample which
qualitatively explains our kinematic data. Escape velocities from
galaxies are poorly known, but in the massive galaxies charac-
teristic of our sample the gas needs to move at 500-1000 km
s~! to reach 100 kpc ); the inferred outflow
velocities are comparable to these values.

e A spherically symmetric outflow would show a zero veloc-
ity gradient on the sky and a line-of-sight velocity dispersion
closely tied to the outflow velocity. Partial reddening of parts of
the outflow due to dust within the host galaxy or a slight colli-
mation of the wind into a wide-angle bi-conical configuration is
able to simultaneously explain the relatively small velocity dif-
ferences Avp,y seen in our data and the high velocity dispersions.

e Line profiles are highly non-Gaussian, typically displaying
arelatively narrow core and a broad base. This likely reflects the
range of cloud velocities at every volume element of the outflow.
In the central parts of the nebulae, all objects except one show
line profiles with excess blueshifted gas, a classical characteristic
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Table 2. Derived properties of ten radio-quiet quasars.

Observations of RQ quasar feedback — I1.

Object name Ry Zjompr [Om/HB VvLysum  VLyium  Loolizum  Lboldoum Exinwgy Ekin2G
)] ) 3) ) ) (6) @) (®) ) (10)

SDSS J014932.53-004803.7 4.1 -13.6 31.8 44.62 45.21 46.16 46.94 44.59 44.64
SDSS J021047.01-100152.9 7.5 -14.0 10.0 44.67 44.87 45.82 46.17 44.20 44.24
SDSS J031950.54-005850.6 7.5 -14.3 11.9 44.47 44.89 45.84 46.44 44.12 44.07
SDSS J032144.11+001638.2 11.0 -14.1 16.2 44.81 45.10 46.05 46.51 44.66 44.85
SDSS J075944.64+133945.8 7.5 -14.0 16.1 44.81 45.47 46.42 47.28 44.91 44.95
SDSS J084130.78+204220.5 6.4 -14.1 15.7 44.76 45.09 46.04 46.54 44.05 44.04
SDSS J084234.94+362503.1 9.0 -14.2 10.3 44.45 45.06 46.01 46.80 43.69 43.93
SDSS J085829.59+441734.7 5.6 -14.0 11.9 45.49 45.80 46.75 47.23 44.25 44.34
SDSS J103927.19+451215.4 5.8 -14.1 12.2 44.86 45.30 46.25 46.87 44.60 44.50
SDSS J104014.43+474554.8 7.6 —14.2 8.7 44.90 45.48 46.43 47.19 44.89 44.50

21

Notes. — (1) Object name. (2) Break radius (semi-major axis) of the [O m]/Hp radial proﬁle (in kpc fromMM) (3) [O m] surface brightness
2. cf. Figure 6 1nm-) not corrected

for cosmological dimming. (4) [O mi]-to-HB line ratio in the plateau region of its radial profile (cf. Figure 6 in M M). (5) WISE luminosity

where the break of the [O mr]/Hp radial profile happens (logarithmic scale, in units of erg s~

CITl EIICSBC

at rest-frame 5 ym (logarithmic scale, in erg s~!). (6) WISE luminosity at rest-frame 12 ym (logarithmic scale, in erg s~!). (7) Bolometric luminosity

(logarithmic scale, in erg s~!), derived from 12 ym WISE luminosity with a bolometric correction of 9 from

). (8) Bolometric

luminosity (logarithmic scale, in erg s™!), derived from 30 um WISE luminosity (extrapolated from the measurements) with a bolometric correction of 13

from

). (9) Kinetic energy (logarithmic scale, in erg s7), derived from Wgg values in Table [Musing Equation 20} (10) Kinetic energy

(logarithmic scale, in erg s™!), derived from two-component Gaussian fits using Equation 221

of an outflow whose far (redshifted) side is partially extincted by
the host galaxy.

o The emission line widths Wy, are nearly constant as a func-
tion of projected radius from the center, with indications of a
slow decline at large distances. This may be due to the cloud ve-
locities becoming less random and more radial in the outer parts
of the nebula.

o In Section 3 we present four new candidates for quasar-
driven “super-bubbles”, which are in addition to the candi-
date we presented in an earlier paper (SDSS J1355+1026;
m ). In such objects, the quasar-driven wind
breaks out of the high-density host galaxy and expands into the
lower-density inter-galactic medium, preferentially in the direc-
tion perpendicular to the disk of the host galaxy or the disk of
circumnuclear material. The sharp decline in the observed line
width within the bubbles compared to the central parts of these
objects is roughly consistent with a purely geometric model in

which the outflow switches from a spherically symmetric to a
conical one.

e Jonized gas nebulae around radio-quiet obscured quasars
are rounder and better kinematically organized than those around
radio-loud objects which tend to be elongated, lumpy and with
multiple kinematic components.

We previously demonstrated (Paper I;) that the
ionized gas extends to large (> 10 kpc) distances from the ac-
tive nucleus and that the emission line nebulae around radio-quiet
quasars are significantly rounder and less structured than those
around radio-loud quasars. These observations indicate that large
amounts of gas are present throughout the host galaxy of radio-
quiet quasars with large covering factors. In combination with the
kinematic data presented in this paper, we find strong evidence that
the ionized gas is in fact embedded in a high-velocity wind (~ 760
km s~!, our median value from the spherical model) which engulfs
the entire galaxy and has a wide opening angle.

Furthermore, in Paper I we showed that ionized gas clouds
are likely to be present beyond the visible nebulae, but having fol-
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lowed the declining pressure of the wind they are at low densi-
ties and are thus not visible in the optical transitions we can study
with our data. We observed a strong decline in the [O m]/Hp ratio
beyond about 7 kpc from the quasar and interpreted this observa-
tion as the transition of the clouds from the ionization-bounded to
matter-bounded regime. This interpretation is further supported by
the slow increase of the narrow-line region size with the [O m] lu-

P 0.25+0.02
minosity (Rjo m < L[O 1

In this paper, using kinematic information in combination with
the measurements of the transition distance and the surface bright-
ness of the nebulae at this distance we robustly determine lower and
upper bounds on the kinetic energy carried by ionized gas clouds
to be from 4.1 x 10% to 3.4 x 10* erg s~'. Both these values scale
as (v/760 km s~1)? with the velocity of the outflow, but otherwise
are fairly insensitive to the largely unknown physical conditions in
the nebulae and are determined largely based on the previous ob-
servations at the transition regime. Furthermore, the transition dis-
tances and especially the surface brightness values at the transition
distance that underlie the energy calculation have very small vari-
ations among the objects in our sample. The corresponding mass
outflow rates are between 2.2x10° and 1.9x10* M, yr~! and scale as
(v/760 km s7"). The life-time of the episode of quasar wind activ-
ity may be estimated at ~1.8x107 years as the travel time of clouds
to reach the observed distances from the center. Our derived val-
ues of outflow velocities and mass outflow rates are not dissimilar
from those predicted by models of feedback necessary to regulate
the black hole / galaxy correlations (King 2010;

2012).

Bolometric luminosity measurements in obscured quasars are
rather uncertain. Using various methods, we estimate that within
our sample the median conversion factor from bolometric luminos-
ity to kinetic energy of ionized gas is 2.3%; there could be addi-
tional outflow components whose energy is not captured by our
calculations. These large values of kinetic energy flux and mass
flux, combined with outflow velocities similar to or exceeding the
escape speed from the host galaxy, suggest that winds observed in
obscured (type 2) quasars can be the long-sought signature of pow-
erful and ubiquitous quasar feedback. At these energies and mass
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outflow rates, the winds are bound to make a strong impact on the
formation of massive galaxies.
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