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Jet-driven molecular outflow in PG 1700+518? 7

Figure 4. Maps of the integrated flux, velocity centroid, and velocity dispersion of the CO (1 → 0) emission line for PG 1700. The
systematic drift in centroid and smooth trend in dispersion may be a subtle indications of interaction between the radio jet and molecular
gas. Formal intensity uncertainties are 0.03 − 0.12 Jy beam−1, centroid uncertainties are 2 − 50 km s−1, and dispersion uncertainties are
2 − 130 km s−1. These maps include measurements for spaxels where the total line profile was detected at the 5σ level, as described in
Section 3.1. The black cross shows the location of the EVN core (Yang et al. 2012) with uncertainty given by propagating the uncertainties
on the NOEMA and EVN absolute positions.

Figure 5. Top: the total CO (1 → 0) spectrum integrated within
an 8× 8′′ box. Color coded bins identify individual velocity slices
through the CO data cube where the source was detected at greater
than 5σ significance. Bottom: the spatial position of the centroid
determined from a point-source fit to the visibilities in the uv plane,
as described in Section 3.2. The frame has been rotated to match
the IFS observations, where up is 14 degrees east of north. The
CO (1 → 0) centroids generally follow the host galaxy rotation seen
in [O iii], shown in the background map. Notably, the CO (1 → 0)
centroids in the two most redshifted bins match the axis of the
radio jet and the jet-driven [O iii] outflow.

tions were made in the C+D configuration, yielding a
beam size of 3.′′78 × 3.′′70 and a map with 0.′′8014 pix-
els. This is over half an order of magnitude improve-
ment in spatial resolution over existing single-dish obser-
vations. Following a spectral decomposition, we made
maps of the CO (1 → 0) intensity, velocity centroid, and
velocity dispersion. These show a ∼100 km s−1 drift
in the north/south direction in velocity centroid and a
trend of approximately the same magnitude in the south-
east/northwest direction in the line dispersion. We also
fit the uv visibilities with a point-source model in order
to trace the centroid of gas in 60 km s−1 velocity bins.
The CO (1 → 0) centroids match the host galaxy rotation
shown in the [O iii] observations, albeit at lower veloci-
ties consistent with the core of the [O iii] line. However,
in the two most redshifted bins the centroids fall along
the axis of the compact radio jet, which may hint that
the jet interacts with the molecular gas on smaller spatial
scales. Combining these observations with results from
existing multi-wavelength data we obtain the following
interpretation:

• With the improved spatial resolution of NOEMA
over previous single-dish observations, we are able
to spatially resolve the CO emission from PG 1700.
We cannot fully separate contributions to the
CO (1 → 0) emission that may come from the
PG 1700 host galaxy and its companion ∼1′′ away.
However, the CO centroid is coincident with the
host galaxy of PG 1700 determined from HST ob-
servations and the CO and host redshifts match,
suggesting that it is the primary CO source in the
system. Physical properties measured from the
CO (1 → 0) emission line are consistent with previ-
ous single-dish measurements.

• There are no clear signs of a high-velocity (v >
100 km s−1) outflow in the molecular gas on the
arcsecond scales of our observations. This is in con-
trast to the ionized gas traced by [O iii], which is
clearly driven to high velocities by the radio jet.
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Galactic outflows driven by black hole 
accretion: galaxy—BH coevolution

1. The M_BH — sigma relation (King 03)


2. The galaxy stellar mass function (Somerville+08)


3. The bimodal galaxy color distribution (Di Matteo+05, 
Springel+05)
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Table 1. Simulations.

Model ηp ηE β vBAL Notes

no_BAL 0 0 0 0 No AGN FB
v5000 1 0.008 6.0 5000 ‘default’
v5000_hiP 10 0.08 60 5000 High-momentum
v5000_loP 0.1 0.0008 0.6 5000 Low-momentum
v30000 1 0.05 1.0 30 000 High-energy
v500 1 0.0008 60 500 Low-energy
v5000_C 1 0.008 6.0 5000 +Compton heating
v5000_iso 1 0.008 6.0 5000 Isotropic winds

Parameters describing the simulations in the text: each employs a gas
particle mass of 13.5 h−1 M⊙ and minimum SPH smoothing length of
0.0014 h−1 pc. Additional simulations for numerical tests are in Appendix C.
(1) Model name.
(2) ηp: momentum-loading of BAL wind feedback (ṗ = ηp L/c).
(3) ηE: energy-loading of BAL wind feedback (Ė = ηE L).
(4) β: mass-loading β ≡ ṀBAL/ṀBH (determined by ηp & ηE).
(5) vBAL: AGN wind launching velocity at the simulation resolution (in
km s−1; determined by ηp & ηE).

compares the additional simulations in Table 1). Fig. 3 shows the
SFR as a function of time for simulations with and without AGN
feedback (top panel) and two versions of the Kennicutt–Schmidt
relation describing the SF law for these nuclear-scale simulations

(bottom two panels). Note that in the simulation with only stellar
feedback, there is an initial burst of SF but after a few Myr, the
SFR settles into an approximate steady state at Ṁ⋆ ∼ 1 M⊙ yr−1

within ∼1 kpc. The image in Fig. 1 is shown in the latter phase.
Within <10 pc, stellar feedback alone does clear most of the gas
after a few Myr; this is recycled in a small-scale fountain on a
similar time-scale. The dynamics of these small-scale burst-quench
cycles is explored in more detail in Torrey et al. (2016).

3.1 BH accretion

Fig. 1 shows that the gas disc exhibits strong non-linear m = 1 spiral
wave and eccentric/lopsided disc modes, which are visible in spite
of the inhomogeneous structure of the ISM. Using simulations on
similar spatial scales but with a much less realistic model of the
ISM, Hopkins & Quataert (2010b) showed that non-linear m = 1
modes generated by stellar-gas interactions dominate the angular
momentum transport in galactic nuclei at and inside the BH sphere
of influence. However, that study was limited by the assumption
that the ISM gas was described by a simple ‘effective equation of
state’ (i.e. no resolved phase structure, winds, or turbulence, simply
single-phase gas with a barytropic non-thermal pressure following
Springel & Hernquist 2003). We confirm their result here with a
much more realistic ISM model.

Figure 1. Morphology of the gas in a standard simulation, in face-on (x, y; left), side-on (x, z; middle), and cylindrical (R, z; right) projections. The time
(≈3 Myr since the beginning of the simulation) is ≈150 (8) orbital periods at 1 pc (10 pc). Brightness encodes projected gas density (increasing with density;
logarithmically scaled with an ≈6 dex stretch); colour encodes gas temperature with blue material being T ! 1000 K molecular gas, pink ∼104–105 K warm
ionized gas, and yellow "106 K hot gas. Top: simulation with stellar, but no AGN feedback (no_BAL in Table 1). A multiphase disc forms; it is mostly
molecular inside the central ∼200 pc, with heating by H II regions very localized to small ionized ‘bubbles’ and heating by SNe restricted to low-density
regions where it can vent vertically. The central ∼10 pc develops a stellar+gas accretion disc dominated by m = 1 modes. Bottom: same, with broad absorption
line winds (v5000). The winds blow out a polar cavity and generate an expanding shell in-plane, with occasional dense clumps sinking through to the centre.
Feedback eventually evacuates the entire nuclear region.

MNRAS 458, 816–831 (2016)
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Figure 2. Face-on morphology of the gas in the additional simulations
from Table 1, as Fig. 1, at the same time (and same scale). Top: Comp-
ton heating (v5000_C) and isotropic versus disc-planar winds (v5000_iso)
have no visible effects (the differences are consistent with stochastic varia-
tions run-to-run). Middle: lowering (v5000_loP) or raising (v5000_hiP) the
momentum-loading of the winds leads to smaller/larger bubbles after the ini-
tial accretion event, although these in turn alter the subsequent accretion rate
(see Section 4). Bottom: lowering the wind velocity (at fixed momentum-
loading; v500) has no significant effect (although the shocked gas is colder,
as expected). Raising the wind velocity to 30 000 km s−1 (v30000) creates
the most hot gas (as expected); however, this gas appears to mostly vent out
from the central regions, so a nuclear disc similar to the no-feedback case
re-forms within ∼10 pc which drives a higher accretion rate at later times.

Fig. 4 (top panel) plots the m = 1 mode amplitudes2 versus
radius for the simulations with and without AGN feedback. For the
simulation without AGN feedback, the m = 1 mode amplitude found
here ∼0.1 is similar to that found in Hopkins & Quataert (2010b)’s
simulations with gas fractions !0.5. This suggests that the mode
excitation and saturation physics is at least broadly similar in spite
of the more dynamic multiphase ISM present in our simulations.

2 Mode amplitudes are measured in the gas surface density as

|am(R, t)| =
|
∫ 2π

0 !(R, φ) exp (i m φ) dφ|
∫ 2π

0 !(R, φ) dφ
. (1)

Figure 3. Top panel: SFR within 10 and 500 pc regions for simulations
with (v5000) and without (no_BAL) AGN feedback. Middle and bottom
panels: location of the same simulations on the Kennicutt–Schmidt relations
at different times. The SFR surface density and gas surface densities are
averages within 10 pc and the rotation rate in the bottom panel is also
measured at 10 pc. The observations in the middle panel (dashed line ±0.5
dex is from Narayanan et al. 2012’s variable XCO model) are based on a range
of galaxies, not just galactic nuclei, but none the less provide a useful point
of comparison. The SF efficiency per dynamical time evolves significantly
with time during the simulation, with a relatively high SF efficiency in the
burst of SF at early times followed by a more prolonged period of lower SF
efficiency.

MNRAS 458, 816–831 (2016)
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Figure 4. Time-averaged structural properties of the simulations. Top:
m = 1 mode amplitude |am=1| in the cold molecular gas, as a function
of radius. With no BAL feedback the large spiral modes are visible here;
with BAL winds the order-unity asymmetries introduced by the AGN wind
impacting the ISM dominate. Bottom: Gaussian disc scaleheight (h/R) ver-
sus radius. With no BAL winds, a modest h/R ∼ 0.1 − 0.2 ∼ |am = 1| is
supported by the combination of stellar feedback and gravitational instabil-
ities. With BAL winds, h/R is greatly enhanced because there is little gas
and it is often dominated by escaping/venting polar winds. Even in the latter
case, the scaleheight of the cold rotating gas remains modest, similar to that
in the non-BAL wind simulation (see Fig. 1).

Fig. 5 shows the BH accretion rate,3 the outflow rate from the
galactic nucleus, and the total momentum flux in the outflow as
a function of time.4 The simulations clearly find large inflows up
to ∼M⊙ yr−1 to the central <0.05 pc. Hopkins & Quataert (2011b)
derive an analytic approximation for the inflow rate through each
annulus for inflows driven by strong gravitational torques and

3 To highlight the systematic differences between runs, we boxcar-smooth
each curve in a time window of 2 × 105 yr. In Appendix B, we show that
there is variability on all resolved time-scales in the simulations (as also
seen by Novak, Ostriker & Ciotti 2011; Dubois, Volonteri & Silk 2014; Gan
et al. 2014), and we even consider a model for un-resolved time variability.
However, we caution that some of the resolved small-time-scale variability
is almost certainly artificial here (owing to the assumption that individual
gas particles are accreted discretely) – there are ∼104–105 such accretion
events per simulation. The BH accretion rate would be likely smoothed out
if these were accreted into a viscous disc, which then accretes on to the BH.
4 The net inflow rate at radius R is given by Ṁ = !R−1

∫
dMgas vR in an

annulus. The outflow rate is the same integral, but only over dMgas where
vR > 0. The rates are time-averaged in each annulus (which also removes the
spurious radial velocity contribution from e.g. stationary modes). Because
of finite bin-widths the inflow rate can change sign discretely from bin to
bin.

Figure 5. Top: BH accretion rate versus time. To make systematic differ-
ences clear, we smooth the rates in a ∼2 × 105 yr window (see Appendix B
for an un-smoothed case). AGN feedback suppresses the BH accretion rate
relative to simulations without AGN feedback, with higher momentum-
loading in the input AGN wind (higher ηp) leading to lower ṀBH. Middle:
total momentum flux in the galaxy-scale outflow at >10 pc in each model,
versus time. The models with BAL winds all equilibrate at broadly sim-
ilar outflow momentum flux. This explains why higher ηp models adjust
to have lower ṀBH. Bottom: corresponding mass-outflow rate of the wind
at >100 pc. Simulations with AGN feedback have dramatically larger out-
flow rates from the nuclear region relative to the simulation without AGN
feedback.

resonant angular momentum exchange between gas and stars.
For modes with complex potential #a(R) and pattern speed
ω = %p + i γ , this is:

Ṁ = 'gas R2 %

∣∣∣∣
#a

V 2
c

∣∣∣∣

[
m S(ω, #a) F (ζ )
1 + ∂ ln Vc/∂ ln R

]
(2)
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C. Feruglio et al.: The multi-phase winds of Mrk 231

Fig. 2. Channel maps of CO(2-1) (DS1, upper panels) and CO(3-
2) (lower panels) in three di↵erent velocity ranges (indicated
by the labels). The contours start from 4� and are in steps of
1� for the blue and red wing maps (right and left panels for
both CO transitions, respectively). Negative contours are shown
by dotted lines, and are in steps of 1�, starting at �1�. In
the systemic component map (middle panels), contours are in
steps of 10� starting from 10�, for the sake of clarity. The syn-
thesized beams are shown by hatched areas for each data set.
1� = 0.14 Jy km s�1 for CO(2-1), = 0.72 Jy km s�1 for CO(3-2).
The cross marks the position of the 1.4 GHz continuum as mea-
sured by the VLBI, ↵ =12:56:14.2339, � =56:52:25.237 (J2000,
Ma et al. 1998).

of these three CO(2-1) line components, systemic, blue and red-
shifted emission, after having averaged each visibility set in the
corresponding spectral range (similarly to Cicone et al. (2012),
and references therein). The positions, fluxes and sizes so de-
rived are reported in Table 3 for each component, together with
the respective spectral range and the adopted source model. The
visibility fits are independent of the synthesized beam and of the
CLEAN algorithm, and there is no need to deconvolve the appar-
ent size on the map. The integrated fluxes agree within the errors
with the measurements of Cicone et al. (2012). The FWHM size
of the systemic gas component is 0.86±0.01 arcsec, correspond-
ing to a physical scale of ⇠ 700 pc. The bulk of the blue and red
wing emission of CO(2-1) is compact, having FWHM sizes of
about a beam by fitting a with Gaussian function. A fainter spa-
tially extended structure is seen in the channel maps of the red
and blue wings (Fig. 3), which can hardly be fitted by a simple
gaussian model, and, in the case of the receding component, is
extended out to at least 100(⇠ 1 kpc) north-east o↵ the AGN. This
component is also seen in HCN(1-0), on similar spatial scales
and orientation (Aalto et al. 2012). The positions of both the
systemic CO emission and of the 1.4 mm continuum are consis-
tent with that of the 1.4 GHz radio continuum measured by the
VLBI, which traces the AGN emission. The blue and the red-

Table 2. 1.4 and 0.9 mm continua visibility fit parameters

Wavelength Model RA DEC S⌫,zero�spacing
1.4 mm point source 12:56:14.23 56:52:25.24 43.8 ± 0.5 mJy
0.9 mm point source 12:56:14.24 56:52:25.23 72.0 ± 2.0 mJy

Note. - Errors: flux errors are statistical, additional ±20% should be accounted for flux cali-
bration.

shifted emissions are instead both o↵set from the AGN position
in the south-western direction by (�0.2,�0.3) and (�0.2,�0.1)
arcsec, respectively. These o↵sets are about ⇠10 larger than the
position errors of our data, i.e., 0.0200 for the blue and 0.0100
for the red component, respectively (Table 3). The positions of
the wing emission are consistent with those seen in HCN(1-
0) (Aalto et al. 2012), and with those previously measured by
Cicone et al. (2012)1.

We discuss in the following the possibility that the spectral
feature seen between -1000 and -700 km s�1 traces emission
from a species di↵erent from CO. Specifically, this spectral fea-
ture peaks at a frequency of 221.864 (�860 km s�1), which cor-
responds to that expected for 13CS(5 � 4) (rest frame frequency
231.220 GHz). 13CS(5-4) was first detected in an extragalactic
source in the 1 mm survey of Arp220 (Martin et al. 2011), and
traces very dense gas. Its critical density is, in fact, of the order of
106 cm�3. The integrated emission is detected with an 8� signif-
icance. Its FWHM is about 150 km s�1, and the zero spacing flux
is 2.5±0.3 mJy, by fitting an unresolved source. 12CS(5-4) is un-
detected in the IRAM 30 m spectrum down to a 1� sensitivity of
⇠1 mK (8.7 mJy, Zhang, PhD thesis). The isotopic ratio 12C/13C
in Mrk 231 is about 40, based interferometric data of 12CO and
13CO J=1-0 (Feruglio et al. in preparation), which agrees with
the lower limit given by Glenn & Hunter (2001). Assuming that
13CO comes from approximately the same region as 12CO(1-0),
we can apply this isotopic ratio to derive the expected strength of
13CS(5-4), which would be < 0.2 mJy. This suggests that the fea-
ture can hardly be identified with 13CS(5-4), and we conclude,
therefore, that it is due to approaching CO(2-1).

2.2. 0.9 mm data

The 0.9 mm continuum has been estimated by fitting in the uv
plane visibilities averaged in spectral windows. We have tested
the continuum estimate and subtraction by using three di↵er-
ent spectral windows for visibility averaging. In particular, av-
eraging the spectral windows �1180 to �1000 km/s, plus 1400
to 2000 km/s produces over-subtraction of the continuum red-
wards of the line. We find that the best overall continuum sub-
traction results from using the spectral window 1400 to 2000
km/s, which gives a continuum flux density of 72.0 ± 2.0 mJy
(Table 2). This is our adopted best solution. The continuum vis-
ibility table, produced as explained above, has been subtracted
from the total visibilities in order to produce the line emission
visibility table, which has been used to map the CO(3-2) emis-
sion (Figure 2, bottom panels).

The CO(3-2) spectrum, extracted from a circular aperture of
3 arcsec diameter around the map peak, is shown in Figure 1
(bottom panel). We measure a flux density of 658 ± 5 Jy km s�1

for the CO(3-2) systemic component. The single dish flux from
Wilson et al. (2008), 480±100 Jy km s�1, is slightly smaller than
our estimate. A high velocity component is detected in CO(3-
2) out to speeds of ±1000 km s�1, similarly to CO(1-0) and
(2-1). The CO(3-2) profile is similar to that of CO(2-1), (1-0),
showing an enhanced red wing compared to the blue one. We
acknowledge that the systematic uncertainty on the continuum
measurement can a↵ect the significance of the faint features seen
at large velocities (in particular blue-wards of the line at veloc-
ity < �1000 km/s), but features within ±800 km/s from the line
peak are persistent by adopting any of our tested spectral win-

1 Note that in Cicone et al. (2012) the phase reference center was
wrongly quoted as the VLBI position, which produces an apparent dis-
crepancy in the location of the outflow between that and this work.
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Figure 1. Top: adaptively smoothed full X-ray band (0.5–8 keV) merged images from all observations (0.52 Ms in total), on a logarithmic scale. North is up and east
is to the left. The overlaid contours are (left) the full 0.5–8 keV contours at 2σ , 3σ , 5σ , 10σ , 25σ , 50σ , 100σ , 500σ , 1000σ , and 5000σ , (middle) the contours of the
optical Hubble Space Telescope (HST) image from RV11, and (right) the contours of the HST optical image zoomed-in to show the tidal star-forming arc ∼3.5 kpc
south of the nucleus. The cross-like pattern in the center of the optical image in both the middle and right panels is an artifact of the strong central PSF. Labels A, B,
and C point to the northern tidal tail, the southern tidal tail, and the southern tidal arc, respectively. Bottom: false-color X-ray images of adaptively smoothed images
overlaid with the full X-ray band contours from the upper left panel. In all three of these bottom panels, red represents the 0.5–1 keV emission, green is 1–2 keV, and
blue is 2–8 keV. The bottom left panel is smoothed using csmooth to emphasize the large-scale structure. The middle panel is smoothed using the imageadapt script
designed to better show the small-scale structures. The bottom right panel is a zoomed-in version of the middle panel.
(A color version of this figure is available in the online journal.)

The images derived from the combined data set are shown in
Figure 1. The full-band (0.5–8 keV) images (top row in Figure 1)
show a large complex of emission extending over a total scale
of at least 80′′ or ∼65 kpc in the north–south direction and
60′′ or ∼50 kpc in the east–west direction. This emission is not
distributed symmetrically with respect to the nucleus, extending
further to the south (∼40 kpc) than to the north (∼18 kpc), and
further east (∼26 kpc) than west (∼16 kpc). This high signal-
to-noise ratio (S/N) data set also reveals that the X-ray emission
is highly clumpy or filamentary. The morphology of the large-
scale X-ray emission does not share a strong resemblance with
that of the tidal debris (upper middle panel of Figure 1; RV11;
Koda et al. 2009). In fact, the X-ray emission on the north side
is weaker at the position of the tidal tail.11 This indicates that
foreground tidal material absorbs some of the X-ray photons
along the line of sight. Iwasawa et al. (2011) reported a similar
X-ray “shadow” of a tidal tail in the ULIRG Mrk 273. In Section
3.2.4, we derive a lower limit on the column density of the
northern tidal tail in Mrk 231 based on the apparent deficit of
X-ray emission at this location.

11 The X-ray emission at the position of the tidal tail that extends more than
30 kpc south of the nucleus (Koda et al. 2009) also seems weaker, but the
effect is less significant (see top middle panel of Figure 1).

However, it is also clear that not all tidal features cast an
X-ray shadow. The bright tidal arc located ∼3.5 kpc south of the
nucleus coincides with X-ray enhancements (upper right panel
of Figure 1). This tidal feature is known to be forming stars
and may even be powering its own supernova-driven outflow
(RV11). The spectral properties of the X-ray-emitting gas at the
location of this tidal arc are discussed in Section 3.2.3; the results
from this spectral analysis confirm the presence of star-forming
complexes at this location.

The false color maps shown on the bottom row of Figure 1
indicate a trend with distance from the nucleus where the
extended emission is distinctly softer than the nuclear and
circumnuclear emission. This is illustrated more clearly in
Figures 2 and 3, where the azimuthally averaged radial profile
and two-dimensional map of the hardness ratio (defined as
(HX − SX)/(HX + SX), where HX and SX are the 2–8 keV
and 0.5–2 keV fluxes, respectively) are presented. Also shown
in Figure 2 are the azimuthally averaged radial profiles of the
background-subtracted soft and hard X-ray emission fit with a
two-component β-model:

Σ(R) = Σ0[1 + (R/R0)2]−3β+0.5,
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C. Feruglio et al.: The multi-phase winds of Mrk 231

Fig. 13. Left panel: integral radial profiles (histogram) and profiles in annuli (points) of the outflow rate ṀOF (left axis), and vmax
(right axis). Middle panel: radial profile of Ėkin,OF. Right panel: radial profile of the outflow/molecular disk mass, MOF/Mdisk.

gravitational radii, and spectral index of the power emissivity
law fixed at -2. The �2 improves to 470.0 for 467 dof. The equiv-
alent width of the disk-line is 270 eV for the Chandra spectrum
and around 130-140 eV for the four NuSTAR spectra. Residuals
still show a deficit of counts around 7 keV.

We then added to the model a Gaussian absorption line, to
account for this deficit of counts. The �2 further improves to
452.45 for 464 dof when the normalization of the gaussian ab-
sorption line is kept linked in the five spectra. The ��2 between
the model without and with the gaussian absorption line is 17.55
for three additional dof and no systematic residuals are seen in
the iron line complex. Figure 15 shows the �2 contours for the
absorption line normalization and energy. The detection of the
absorption line is significant at better than the 99.9% confidence
level (or 3.5�). To confirm the statistical significance of the ab-
sorption feature we run a Markov Chain Monte Carlo simulation
by using the XSPEC chain command. This generates a chain
of set of parameter values describing the parameter probability
distribution. The chain is converted into probability distribution
using the XSPEC margin command.

The ��2 between the models with and without the absorp-
tion line for the single Chandra spectrum is 11.6, while it is 7.3
between the two models for the four NuStar spectra. The en-
ergy of the line is also similar in the two instruments, 7.1 ± 0.5
keV for the Chandra spectrum and 7.1+0.5

�0.4 keV for the NuSTAR
spectra. We conclude that the line is present with similar statis-
tical significance in both instruments. The equivalent width of
the absorption line is about twice in the NuSTAR spectra than
in the Chandra spectrum. Fitting simultaneously the Chandra
and NuSTAR spectra, but allowing the normalization of the ab-
sorption line to be di↵erent in the Chandra and NuStar spectra,
reduces the �2 to 448.24, i.e. the ��2 is only 4.2. For the sake of
simplicity, in the following analysis we keep the normalization
of the absorption line linked between the Chandra and NuSTAR
spectra.

To further test the robustness of the detection of the absorp-
tion line at about 7.1 keV, we performed several additional spec-
tral fits. First, we limited the band used to fit the NuSTAR data
to 30-40 keV, up to which the source is detected with a signal to
noise better than 3� in bins smaller than 10 keV. The results were
perfectly consistent with those obtained fitting the NuSTAR data
in the full band, up to 79 keV. Second, we considered each single
Chandra spectra (eight di↵erent observations) and fitted them
simultaneously. The results were consistent with those obtained

5 5.5 6 6.5 7 7.5 8 8.5 9

0.
8

1
1.

2
1.

4

ra
tio

Energy (keV)

Fig. 14. The ratio between data the best model including two
thermal components, a power law component and a narrow gaus-
sian emission line at 6.18 keV (6.44 keV rest frame, iron K↵).
Black triangles = Chandra data; red dots = NuSTAR data. A
strong excess around 6 keV and a deficit of counts around 7 keV
are seen. Note that the NuSTAR data, even taking into account
the lower spectral resolution, follow the Chandra data.

fitting the single Chandra spectrum obtained by adding together
the eight observations. Third, we fit the Chandra and NuSTAR
data with a model including an absorption edge at energy � 7.1
keV, rest frame. The �2 obtained linking the optical depth ⌧ of
the edge between the Chandra and NuSTAR data is 470.5 for
465 dof, and the resulting ⌧ is consistent with zero. Allowing
the optical depth of the edge to be di↵erent in the Chandra and
NuSTAR spectra produces a �2=458.3 for 464 dof, again much
higher than the �2 = 448.24 obtained using an absorption line.

We fitted the Chandra and NuSTAR spectra with a model
including two thermal components (T1 and T2), a power law
nuclear component (PL) and a disk line component. The latter
two components are modified by two ionized absorbers (a low
ionization absorber to account for the cold-warm gas along the
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Morganti et al.: Fast H I outflow in Mrk 231

Fig. 4. Left: H I absorption profile from the VLA data. The shallow broad absorption is visible at velocities below ⇠ 12250 km s�1. The dashed
line indicate the systemic velocity of Mrk 231. Right: Zoom-in of the H I absorption profile from the VLA data. that better shows the blueshifted
wing. Superposed is the Gaussian fit of the broad component discussed in the text.

file obtained from the VLA data is very similar the one obtained
with the WSRT. However, thanks to the higher sensitivity of the
VLA data, the blueshifted wing in the VLA profile appears to be
broader, reaching velocities down to about 11300 km s�1.

We have performed a fitting of the H I profile to derive the
parameters of the absorption and, in particular, of the broad
part. Two Gaussian components were fitted as shown in Fig. 4
(right) and the parameters of the fits are listed in Table 2. The
blueshifted component has a FWHM of 837 km s�1 and reached
velocities up to ⇠1300 km s�1 blueshifted compared to the sys-
temic velocity. The peak of the shallow absorption resulting from
the fit is only ⇠ 0.41 mJy. Even in the high-resolution VLA
observations, the broad H I absorption is seen only against the
peak of the continuum. The amplitude of the shallow absorp-
tion as measured by the VLA is very similar to what is seen in
the WSRT profile. Therefore we conclude that the H I outflow is
confined to the inner kpc.

As expected, we also detect the deep H I absorption compo-
nent originally found by Carilli et al. (1998) and which is as-
sociated with the inner gas disk. Interestingly, the amplitude of
this absorption is similar at the very di↵erent spatial resolutions
probed by the available observations, ranging from WSRT, VLA
down to the milliarcsecond resolution of the VLBA data pre-
sented by Carilli et al. (1998). This suggests that the ⇠ 200 mas
radio continuum from the disk structure imaged by the VLBA
represents the full extent of the background radio continuum
against which this deep component of H I is detected.

The physical parameters of the H I outflow depend on its
location. Given that we do not spatially resolve the outflow
and given the complex continuum structure in the inner kpc of
Mrk 231 (see Sec. 2.1), we need to consider at least two extreme
scenarios. The blueshifted H I component could be part of a flow
distributed over a large opening angle. In this scenario the broad
wing is due to gas in front of the circumnuclear disk (labelled
2b in Fig. 1) which has a radius ⇠ 200 mas (170 pc) and a total

flux 130 mJy (Carilli et al. 1998)). A second possibility is that
the H I outflow corresponds to gas pushed out by the interaction
with the radio "bubble", i.e. the inner north-south VLBA struc-
ture (up to distance ⇠30 pc from the nucleus, labelled 3 in Fig.
1). The absorption would most likely occur against the southern
radio "bubble" (which has a flux of 44 mJy, Carilli et al. 1998) or
against the "bubble" and the core (with a total flux of these two
components of 84 mJy, from Carilli et al. 1998).

Following these two extreme situations, we estimate that the
optical depth ⌧ of the H I (defined as ⌧ = ln[1 � S/(Scontcf)]
where S is the flux of the absorption, S cont of the continuum
and cf the covering factor which we assume to be 1), would
range between ⌧ = 0.006 (first scenario, circumnuclear disk)
and ⌧ = 0.018 (second scenario, radio bubble interacting with
the ISM). The corresponding column density of the H I outflow
ranges between 5 ⇥ 1018

Tspin cm�2 for the case the absorption
being against the disk (with Tspin being the spin temperature of
the H I), to 1.5 ⇥ 1019

Tspin cm�2 if the absorption is against the
inner nuclear bubble structure.

The correct value to use for Tspin is quite uncertain. The typ-
ical spin temperature assumed is the kinetic temperature of the
H I which is around 100 K. But this is under the condition that
the excitation of the gas is not a↵ected by the radiation field of a
powerful, nearby continuum source. As described in Bahcall &
Ekers (1969) and Maloney et al. (1996), if the absorbing gas is
located close to strong source of radiation, e.g. an AGN, the Tspin
can increase to thousands of K, depending on the density of the
gas. This is likely to be relevant for the H I gas in Mrk 231, given
that we know the absorption is coming from the nuclear region.

For both scenarios discussed above, one can calculate, us-
ing the formulae presented in Bahcall & Ekers (1969), the Tspin
of the absorbing material as function of the density of the gas,
given the assumed location of the gas and the strength of the
relevant continuum source and this is given in Fig. 5. The three
black curves show Tspin as function of the assumed density nHI
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FIG. 1.ÈCLEANed VLBA images at matched resolution, all shown at the same scale. In these and all succeeding images north is up and east is to the left,
with negative contours shown as dashed lines. Hatched region shows the elliptical Gaussian restoring beam at an FWHM of 8.85 ] 5.92 mas elongated in
P.A. Contour levels are plotted at 200 kJy beam~1 times [4, [3, [2, [1, 1, 2, 3, and 4, with higher levels spaced by factors of 21@2. (a) Epoch 1995 ;2¡.6.
frequency 1.4 GHz; peak intensity 48.8 mJy beam~1. (b) Epoch 1995 ; frequency 2.3 GHz; peak intensity 93.9 mJy beam~1. (c) Epoch 1995 ; frequency 5.0
GHz; peak intensity 160.7 mJy beam~1. (d) Epoch 1996 ; frequency 8.4 GHz; peak intensity 133.0 mJy beam~1.

continuum and line emission is unresolved along the slit in the
STIS spectrum (intrinsic FWHM 1 pixel ∼0 05∼40 pc).
Finally, we note that the flux level of the 2014 STIS NUV
spectrum obtained with the 0 2×50″ aperture is consistent
with that of the 2014 COS FUV spectrum obtained with a
2 5×2 5 aperture in the overlap region. Barring fortuitious
counteracting effects, this suggests that not only is the NUV
emission unresolved on scales below ∼170 pc scale but also the
FUV emission. This is another argument in favor of an AGN
origin for both the NUV and FUV continuum emission.

4. DISCUSSION

The new FUV, NUV, and optical spectra presented in this
paper add strong new constraints on the structure and geometry
of the BELR, BALR, and source of continuum emission in
Mrk231. First, in Section 4.1, we compare the UV line and
continuum properties of Mrk231 with those of other quasars,
drawing an analogy with PHL-1811 analogs and weak-lined
quasars (WLQs). Next, in Section 4.2, we revisit the
geometrical models presented in Paper I to interpret the new
data. Finally, in Section 4.3, we confront the predictions from
the binary AGN scenario proposed by Yan et al. (2015) with
the results of our analysis of the new data.

4.1. Far-ultraviolet Properties of Mrk231 in the Broader
Context

As recently pointed out by Teng et al. (2014), Mrk231 is an
outlier among quasars, in the sense that it is weaker in the
X-rays than typical quasars: the total absorption-corrected

AGN luminosity for Mrk231 in 0.5–30 keV is only
∼1.0×1043 erg s−1. Compared to Lbol,AGN of
1.1×1046 erg s−1 (Veilleux et al. 2009), the 2–10 keV
X-ray luminosity is only 0.03%–0.05% of the AGN bolometric
luminosity. This ratio is typically ∼2% to 15% among radio-
quiet quasars, with the most luminous objects typically having
the lowest ratios. However, X-ray weakness is common among
Seyfert 1-like ULIRGs (Teng & Veilleux 2010), LoBAL QSOs
(Luo et al. 2013), PHL-1811 analogs (Leighly et al. 2007a,
2007b; Wu et al. 2011), and other “wind dominated” WLQs
(Luo et al. 2015). Evidence for significant X-ray absorption is
present in many of these objects, particularly the PHL-1811
analogs and WLQs (Luo et al. 2015), but not in PHL1811
itself (Leighly et al. 2007a), nor Mrk231 (Teng et al. 2014).
Interestingly, the accretion rate in many of these X-ray faint

objects also appear to be large, sometimes formally above the
Eddington value, based on the best black hole mass estimates.
This also seems to be the case for Mrk231. Assuming the
dynamically derived black hole mass of 1.7 ´-1.2

4.0 107Me
based on stellar velocity dispersions measured from near-
infrared spectra (Dasyra et al. 2006), the Eddington ratio of the
AGN in Mrk 231 is -

+5.0 3.5
11.3. The ∼5× higher value of MBH

from Kawakatu et al. (2007) would bring the Eddington ratio
closer to unity; this mass measurement is derived from the Hβ
line width and optical continuum and is considered an upper
limit because it was taken using a 3″ aperture and is no doubt
affected by continuum-light contamination from the host. More
recently, Leighly et al. (2014) derived a black hole mass
MBH= 2.3×108 Me from the width of broad Paα and the
1 μm luminosity density (using the prescription of Landt et al.
2013); this results in an Eddington ratio of ∼0.3. Sources with
near or super-Eddington accretion rates are expected to drive
nuclear outflows. Mrk231 fits the mold given its FeLoBAL
characteristics, indicative of a nuclear outflow of up to
8000 km s−1, and tentatively detected ultra-fast X-ray wind of
20,000 km s−1 (Feruglio et al. 2015).
Our new FUV data indicate that Mrk231 shares at least two

additional properties with these fast accreting X-ray weak
objects: the FUV emission lines of Mrk231 are weak relative
to the continuum and highly blueshifted. As listed in Table 1,
the equivalent width of C IV measured in Mrk231 is only 12Å.
That is ∼3× smaller than the typical value of luminous SDSS
quasars (30.0± 0.03Å; e.g., Vanden Berk et al. 2001; Richards
et al. 2011). Given the well-known Baldwin effect (i.e., quasars
of lower luminosities present larger C IV equivalent widths on
average), the difference in EW(C IV) between Mrk231 and
quasars of comparable luminosities is actually even larger.
Similarly, the blueshift of ∼3000 kms−1 of the Lyα, C IV, and
C III] lines in Mrk231 falls well above the distribution of
velocities in radio-quiet and radio-loud quasars (e.g., Figure 2
of Richards et al. 2011). In contrast, C IV equivalent widths
12Å and blueshifts 1000 km s−1 are common in PHL1811
analogs (Leighly et al. 2007b; Wu et al. 2011) and in WLQs
(Luo et al. 2015). Moreover, Plotkin et al. (2015) have recently
shown that the low-ionization lines of Hα and Hβ in PHL-1811
analogs and WLQs are not exceptionally weak, in contrast to
their high-ionization lines like C IV. Mrk231 also shows very
weak to no high-ionization line emission in the optical (e.g.,
He II 4686 Å, [O III] 5007Å; e.g., Rupke et al. 2002), near-
infrared (e.g., [Si VI] 1.96 μmm; Leighly et al. 2014), or mid-
infrared (e.g., [O IV] 25.89 μm, [Ne V] 14.32, 24.32 μm, [Ne VI]
7.65 μm; Armus et al. 2007), but relatively normal low-

Figure 7. Comparison of the continuum-normalized NUV line absorption from
Fe II UV2 (black), Fe II UV1 (red), Fe II UV62/63 (blue), Mg II λλ2796, 2803
(pink), Mg I λ2853 (green), and He I λ2945 (turquoise) vs. the Lyα emission
profile (black; the peak intensity of Lyα was arbitrarily normalized to unity).
All of the features are on the same velocity scale. The presence of UV62/63
indicates strong absorption out of level ∼1 eV above ground and, therefore, all
of the fine structure levels in UV1 and UV2 are probably also contributing
absorption, not just the one resonance line. This accounts for much of the
velocity extent of the Fe II troughs. He I λ2945 also arises from an excited
(metastable) state. See text and Table 1 for more detail.
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Figure 2. VLBA 15 GHz images of Mrk 231 from epoch 2000.02 (left), epoch 2006.07 (middle), and epoch 2006.32 (right). The contours start at 1.8 mJy beam−1

and increase in factors of 2 to a maximum of 57.6 mJy beam−1.
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Figure 3. VLBA 22 GHz images of Mrk 231 from epoch 2000.02 (left), epoch 2006.07 (middle), and epoch 2006.32 (right). The contours start at 1.8 mJy beam−1

and increase in factors of 2 to a maximum of 57.6 mJy beam−1.
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Figure 4. VLBA 43 GHz images of Mrk 231 from epoch 2006.07 (left) and epoch 2006.32 (right). The contours start at 2.2 mJy beam−1 and increase in factors of 2
to a maximum of 17.6 mJy beam−1.

in the model fit. The method used to determine the model-fit
part of the error is from Britzen et al. (2007). The absolute flux

scale errors for the VLBA are estimated to be ∼5% at 8 GHz
(Ulvestad 2008) and 15 GHz (Homan et al. 2002), and ∼7% at
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Fig. 4.— Stellar population synthesis fits to host galaxy spectra that have been integrated

over the IFS FOV. The quasar PSF and emission lines have been removed (§ 2.3.1). The

data is smoothed by a 10-pixel boxcar to facilitate comparison with the fits.

I Zw 1

IFS  
of Nearby  
Type 1s

Sample

Observations

Analysis

Gas Disks

Properties

Correlations



fit

= total

= starlight
exp

+ +

— —=

exp Fit total spectra with quasar + 
exponential starlight model + 
emission lines.
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Detection rate 90—100%

≫ 15% (Husemann+14) 

Minor-axis outflows 

Rmax ≥ 3—10 kpc (FOV limited) 
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Outflow model: single radius free 
wind (DR+05, Shih+DR 2010, DR+13) 

thin spherical shell with single radius r 

mass-conserving
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Velocities

ionized gas: <v> = -300 km/s, <vmax> = -800 km/s 

neutral gas: <v> = -175 km/s, <vmax> = -420 km/s 

Masses

ionized <dM/dt> = 90 M☉ yr-1 

neutral <dM/dt> = 30 M☉ yr-1 

Momenta

<dp/dt / (3.5 LSB/c)> = 6 (range 0.7 — inf) 

<dp/dt / (LAGN/c)> = 2 (range 0.1 — 20) 

Energies

<dE/dt / dE/dtstarburst> = 0.5 (range 0.02 — inf) 

<dE/dt / LAGN> ~ 0.1% (range 0.01% — 2%)
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Integral Field  
Spectroscopy  

of Nearby  
Type 1 Quasars

Most/all nearby quasars host large-scale 
(Rmax ~ 5—10 kpc) outflows in warm 
ionized / dusty neutral gas


Most/all large-scale outflows are powered 
by the quasar


Outflow masses / energies scale may with 
MBH (but small sample sizes, possible 
selection effects)


