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Fig. 1. Galaxy luminosity function of Infrared Galaxies compared with other extra-
galactic objects in the local universe. Among the most luminous galaxies (Lbol >

1011.5 L!), infrared galaxies selected from the IRAS survey outnumber optically se-
lected Seyferts and quasars. For references see [18].

A comparison of the luminosity function of infrared bright galaxies with
other classes of extragalactic objects in the local universe is shown in Figure
1. At luminosities below 1011 L!, IRAS observations confirm that the majority
of optically selected objects are relatively weak far-infrared emitters. Surveys of
Markarian galaxies confirm that both Markarian starbursts and Seyferts have
properties (e.g. f60/f100 and Lir/LB ratios) closer to infrared selected samples as
does the subclass of optically selected interacting galaxies. However because the
most luminous galaxies are enshrouded in dust, relatively few objects in optically
selected samples are found with Lir > 1011.5 L!.

The high luminosity tail of the infrared galaxy luminosity function is clearly
in excess of what is expected from the Schechter function. For Lbol = 1011 !

1012 L!, LIGs are as numerous as Markarian Seyferts and " 3 times more nu-
merous than Markarian starbursts. Ultraluminous infrared galaxies (hereafter

ULIRG:
L8-1000µm = 1012-1013 L☉
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Table 1. VIMOS ULIRG galaxy sample.

Galaxy ↵ (J2000), � (J2000) za Da log(LIR/L�)b Sp typec SFRd Exposure
(Mpc) (M� yr�1) time (s)

IRAS 00198-7926 00 21 52.9, �79 10 08.0 0.0728 300 12.01 Sy2 (AGN in northern nucleuse) 53 12000
IRAS 00335-2732 00 36 00.5, �27 15 34.5 0.0693 282 11.93 SB 117 12000
IRAS 03068-5346 03 08 21.3, �53 35 12.0 0.0745 304 11.96 SB 126 12000
IRAS 05189-2524 05 21 50.5, �25 21 46.3 0.0426 173 12.19 Sy2 80 3000
IRAS 06035-7102 06 05 11.2, �71 03 05.5 0.0795 325 12.26 SB (outflow suggests AGNe) 182 2880
IRAS 09111-1007W 09 13 38.8, �10 19 20.3 0.0541 220 11.98 SB+Sy2 66 12000
IRAS 12112+0305 12 13 46.0, +02 48 38.0 0.0733 300 12.28 LINER 263 12000
IRAS 14348-1447 14 37 38.4, �15 00 22.8 0.0827 345 12.30 LINER (SW nucleus Sy2f ) 275 9600
IRAS 14378-3651 14 40 58.9, �37 04 33.0 0.0676 280 12.24 LINER+Sy2 120 12000
IRAS 17208-0014 17 23 21.9, �00 17 00.4 0.0428 175 12.25 SB (LINERg) 245 12000
IRAS 19254-7245 19 31 21.6, �72 39 21.7 0.0617 250 11.91 Sy2 56 12000
IRAS 19297-0406 19 32 20.7, �04 00 06.0 0.0857 353 12.36 SB 316 12000
IRAS 20046-0623 20 07 19.4, �06 14 26.0 0.0844 348 11.97 SB 129 12000
IRAS 20414-1651 20 44 18.2, �44 33 37.7 0.0871 358 12.26 SB 251 12000
IRAS 20551-4250 20 58 27.4, �42 39 03.1 0.0428 175 11.98 Sy2h 132 6000
IRAS 21504-0628 21 53 05.5, �06 14 49.9 0.0776 320 11.92 Sy2? 57 12000
IRAS 22491-1808 22 51 49.3, �17 52 23.4 0.0778 320 12.09 SB 170 12000
IRAS 23128-5919 23 15 47.0, �59 03 16.9 0.0446 182 11.96 SB+Sy2 63 6000

a Reference: NED.
b 8–1000 µm infrared fluxes from the IRAS Faint Source Catalog (FSC) version 2 (Moshir & et al. 1990), recalculated with updated
redshifts where required.
c References: Farrah et al. (2003), NED, except where otherwise indicated. Additional information in brackets is from this study.
d Star formation rate derived from LIR and scaled according to AGN input (see text for scaling factors)
e Reference: this study
f Sanders et al. (1988); Nakajima et al. (1991)
g Arribas & Colina (2003) re-classify this galaxy as a LINER due to the e↵ect of di↵erential extinction on the optical nuclear spectrum.
h Franceschini et al. (2003); Ptak et al. (2003); Farrah et al. (2007)

consistent. In all other double-component fits we specified
C1 to be the brightest of the two.

Many galaxies show 2–3 line components in nuclear re-
gions. However, in some cases the di↵erence between
the components in the FWHM and/or radial ve-
locity plots can be di�cult to see due to the small
di↵erences in values compared to the range of the
colour bar. This is an inherent limitation in the dy-
namic range that can be represented in these type
of plots. To highlight this we have chosen an exam-
ple from the IRAS 20046-0623 map. In Fig. 2 we
show the H↵+[N ii] line profiles and best-fitting sin-
gle and double-Gaussian models for the spaxel indi-
cated with a white cross in the H↵ C2 FWHM map
in Fig. 3m. Both the �2 and residuals demonstrate
that a two-component fit is the most appropriate
choice, although on the maps it is di�cult to see the
di↵erence between the two components.

The emission line maps are shown in Figs. 3a–3r. Each
figure includes example H↵+[N ii] line profiles and best-
fitting Gaussian models from selected spaxel(s) within the
IFU field. These have been chosen to demonstrate the qual-
ity of the spectra and the accuracy of the line-fitting.

3 RESULTS

Emission line maps created from the line profile fits de-
scribed above are shown in Figs. 3a–3r. For each system
we show the HST F814W image (or DSS image if HST

imaging is not available), and for each identified line com-
ponent, the H↵ flux, FWHM and radial velocity maps, the
[N ii]�6583/H↵, [S ii](�6717+�6731)/H↵ and [O i]�6300/H↵
flux ratio maps, and the electron density map derived
from the [S ii] doublet ratio (where we have summed
all line components together) using the IRAF neb-
ular task and assuming Te = 104 K.

[N ii]�6583/H↵ vs. [S ii](�6717+�6731)/H↵ flux ratios
are also plotted for each galaxy on a spaxel-to-spaxel basis in
Figs. 4a–4c, together with predictions from the photoioniza-
tion and shock models of Dopita et al. (2006) and Allen et al.
(2008), and (where appropriate) the dusty AGN models of
Groves et al. (2004). Without the [O iii] line we cannot plot
any of the traditional BPT diagrams (Baldwin et al. 1981),
however the [N ii]/H↵ vs. [S ii]/H↵ plot can still be instruc-
tive to investigate the contribution of harder radiation fields
(AGN/shocks) to the ionization.

We discuss these maps in the context of the whole sam-
ple in Section 4 and describe them in detail for each galaxy
individually in Appendix A.

3.1 Measured and derived properties of the
galaxies in the whole sample

Integrated SFRs for each of our galaxies are listed in Table 1,
and are derived from a modified version of the Kennicutt
(1998) calibration of IR luminosity to SFR:

SFR = ↵
LIR

5.8⇥ 109 L�
, (1)
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Table 2. Measured properties of the ULIRG sample.

Galaxy Morph Separation of vrotb Virial Toomre Known evidence voutflowd �vmax,1
d �vmax,2

d

classif.a nuclei (kpc) (km s�1) mass (M�) Q for outflowsc (km s�1) (km s�1) (km s�1)

IRAS 00198-7926 1 6 wi �400 �1400 �2100
IRAS 00335-2732 2
IRAS 03068-5346 2 60 6.0⇥ 109 2.08
IRAS 05189-2524 0 wi, mol �3000 �5000 �6400
IRAS 06035-7102 1 6 wi �550 �1800 �2700
IRAS 09111-1007W 1 40 110 3.0⇥ 1010 0.93 wi �250 �600 �850
IRAS 12112+0305 1 4 wi, mol �300 �550 �725
IRAS 14348-1447 1 4.8e wi, mol �150 �525 �790
IRAS 14378-3651 2 wi, mol �300 �550 �800
IRAS 17208-0014 2 140 3.3⇥ 1010 1.32 na, mol
IRAS 19254-7245 1 10 wi >500 >�1500 >�2200
IRAS 19297-0406 2 175 7.1⇥ 1010 1.32 wi, na, mol ⇠0 �400 �680
IRAS 20046-0623 2 185 1.3⇥ 1011 0.87 na
IRAS 20414-1651 2 150 5.3⇥ 1010 0.79 na
IRAS 20551-4250 2 90 5.5⇥ 1010 1.89 wi, mol �150 �500 �750
IRAS 21504-0628 0 175 1.4⇥ 1011 1.01
IRAS 22491-1808 2 1.2, 2.4f

IRAS 23128-5919 1 4 wi >�450 >�800 >�1050

a Class 0: single isolated galaxies with no obvious evidence for strong past or ongoing interaction. Class 1: pre-coalescence phase with
two nuclei. Class 2: relatively asymmetric morphology, or nuclei separated by <1.5 kpc, suggesting a post-coalescence phase.
b Disk rotation velocity (for objects with clear disks and rotation)
c wi = warm ionized (ref: this paper; Ĺıpari et al. 2003; Spoon & Holt 2009); na = neutral atomic (ref: Martin 2005; Rupke et al.
2005a); mol = molecular (Sturm et al. 2011, E. Sturm, priv. comm.).
d voutflow = centroid velocity (relative to systemic velocity) of the outflow components. Typical errors are ±30%. The next two columns
show the “maximum” wind speed calculated in the two ways used in the literature: �vmax,1 =

��hvibroad ��vbroad(FWHM)/2
�� (e.g.

Veilleux et al. 2005; Rupke et al. 2005a), and �vmax,2 = |hvibroad � 2�broad| (e.g. Martin 2005; Genzel et al. 2011).
e Carico et al. (1990); Scoville (1999); Surace et al. (2000)
f Triple nuclei (Carico et al. 1990; Surace et al. 2000; Cui et al. 2001)

unstable disks with Q < 1 collapse and start forming stars
vigorously. The resulting feedback increases the local veloc-
ity dispersion which in turn increases Q and has a negative
e↵ect on the star formation rate. Like this, Q self-regulates
at Q ⇠ 1. In each individual case we are likely seeing the
system simply at a particular point in this self-regulation
cycle.

Using detailed IFU observations of star forming galaxies
at z ⇠ 1, Genzel et al. (2011) mapped out the Q parame-
ter on a spaxel-by-spaxel basis and found that giant star
forming clumps are found where locally Q < 1, even if the
global average Q > 1. While it is outside the scope of this
paper to derive spatially resolved Q maps for our targets,
it is very likely that even systems that we measure to have
Q > 1 will have locally unstable regions that are forming
stars. For example, IRAS 20551 has a disk Q parameter of
2.08, but strong H↵ emission is observed in tidal features
implying strong extra-nuclear star formation.

The emerging view is that merger-induced starbursts
have a nuclear component, and also an extended component
in the form of massive star forming clumps in the disk (Bour-
naud 2011). What we see in any particular case all depends
on the exact merger stage and individual characteristics of
the system.

4.2 Line ratios in the nuclear and outer regions

Forbidden-to-recombination line ratios can be useful in di-
agnosing the strength of the ionizing field strength. In
this study we have examined the [N ii]/H↵, [S ii]/H↵ and
[O i]/H↵ ratios, chosen to be close in wavelength so as to
reduce the e↵ects of reddening as much as possible. [S ii]
and [O i] are produced in the partially ionized zone at the
edge of an ionized nebula. This zone is large and extended
for hard radiation fields so the [S ii]/H↵ and [O i]/H↵ ratios
become stronger for Seyferts compared to SB/LINER galax-
ies (Yuan et al. 2010), or in the presence of shocks (Allen
et al. 2008). [S ii]/H↵ is particularly sensitive to shock ion-
ization because relatively cool, high-density regions form be-
hind shock fronts which emit strongly in [S ii] (Dopita 1997;
Oey et al. 2000). The [N ii]/H↵ ratio is more sensitive to the
presence of a low-level AGN than the other ratios because
[N ii]/H↵ is a linear function of nebular metallicity until high
metallicities where the ratio plateaus. Beyond this, an AGN
contribution moves the line ratio higher (Yuan et al. 2010).
In general, the highest line ratios in all three combinations
are found in the faintest regions, on the outskirts of the
galaxies, and depressed line ratios in the nuclear regions is
commonly observed.

7/18 systems in our sample show a nuclear depression in
all three line ratios ([N ii]/H↵, [S ii]/H↵ and [O i]/H↵), and
a further 7/18 exhibit a nuclear depression just in [S ii]/H↵
and [O i]/H↵. IRAS 06035, 12112, 19254 and 20046 do not
show a correlation. What is the cause of this? The existence

c� 2012 RAS, MNRAS 000, 1–41
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edge of an ionized nebula. This zone is large and extended
for hard radiation fields so the [S ii]/H↵ and [O i]/H↵ ratios
become stronger for Seyferts compared to SB/LINER galax-
ies (Yuan et al. 2010), or in the presence of shocks (Allen
et al. 2008). [S ii]/H↵ is particularly sensitive to shock ion-
ization because relatively cool, high-density regions form be-
hind shock fronts which emit strongly in [S ii] (Dopita 1997;
Oey et al. 2000). The [N ii]/H↵ ratio is more sensitive to the
presence of a low-level AGN than the other ratios because
[N ii]/H↵ is a linear function of nebular metallicity until high
metallicities where the ratio plateaus. Beyond this, an AGN
contribution moves the line ratio higher (Yuan et al. 2010).
In general, the highest line ratios in all three combinations
are found in the faintest regions, on the outskirts of the
galaxies, and depressed line ratios in the nuclear regions is
commonly observed.

7/18 systems in our sample show a nuclear depression in
all three line ratios ([N ii]/H↵, [S ii]/H↵ and [O i]/H↵), and
a further 7/18 exhibit a nuclear depression just in [S ii]/H↵
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Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all directions (as projected
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is further accelerated by the
radio jet. A lower-velocity starburst-driven outflow is present in the south.
(A color version of this figure is available in the online journal.)

and show kpc-scale extents (Martin 2006; Shih & Rupke 2010).
They have !v98%" = #450 km s#1 in systems whose infrared
luminosity is dominated by star formation (Rupke et al. 2005c;
Martin 2005). Rupke et al. (2005c) calculate that ULIRG mass
outflow rates are 20% of the star formation rate on average.
However, evidence has remained elusive for large-scale outflows
that are clearly AGN-driven in LIRGs or ULIRGs (Rupke et al.
2005a).

The data we present here are clear: there is a neutral,
$1000 km s#1 outflow in Mrk 231 that extends in every direction
from the nucleus (as projected into the plane of the sky) out
to at least 3 kpc. Such high velocities have not been seen in
starburst ULIRGs (Table 1), providing strong circumstantial
evidence that this wide-angle nuclear wind is driven by radiation
or mechanical energy from the AGN.

From what we know about the structure of galactic winds
(Veilleux et al. 2005), the molecular disk in Mrk 231 collimates
this nuclear wind. Given the disk’s almost face-on orientation,
we must be looking “down the barrel” of a biconical outflow.
The other end of this bicone is receding from us, behind the
galaxy disk and therefore invisible at optical wavelengths.

It is apparent from the velocity map that the north–south
radio jet in Mrk 231 (Carilli et al. 1998; Ulvestad et al. 1999)

is coupling to the nuclear wind, accelerating the neutral gas
to even higher velocities. The jet is not constrained to emerge
perpendicular to the disk, and thus produces an asymmetric
effect. The present data imply that the northern arm of the
large-scale jet is on the near side of the molecular disk. Neutral
outflows driven by jet interactions with the interstellar medium
(ISM) on kpc scales have also been observed in radio galaxies
in H i absorption (Morganti et al. 2005, 2007). The newly
discovered jet–wind interaction in Mrk 231 appears to be similar,
though this time the jet accelerates an already in situ wind.

Carilli et al. (1998) and Taylor et al. (1999) studied the
diffuse radio continuum emission from Mrk 231, which is
symmetric about the nucleus on scales of 100 pc to 1 kpc.
They hypothesized that this emission is produced by in situ
electron acceleration, but could not rule out that the AGN
distributes these electrons through a wide-angle outflow. Our
data are further evidence for the in situ interpretation, since we
now know that the AGN outflow reaches larger scales and is
asymmetrically accelerated.

Along with these AGN-driven outflows, Mrk 231 also hosts
a starburst-driven wind. Blueshifted velocities with !v98%" =
#570 km s#1 are observed in the star-forming arc south of
the nucleus. These are comparable to the maximum velocities
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Figure 2. Top: continuum image of Mrk 231 in the 435W and 814W filters, from Hubble Space Telescope observations with the Advanced Camera for Surveys. The
field of view of our GMOS data (6.!!3 " 7.!!5) is overlaid as a box. Bottom left: host galaxy continuum image in our GMOS field, summed over the wavelength range
6100–6900 Å, in logarithmic flux units. Bottom center: H! emission, in logarithmic flux units. Bottom right: map of the [N ii]"6583/H! flux ratio.
(A color version of this figure is available in the online journal.)

(Downes & Solomon 1998; Carilli et al. 1998), we adopt a sys-
temic velocity of z = 0.0422. This yields a spatial scale of
0.867 kpc arcsec#1.

The rotation of the ionized gas lines up with that of the
molecular component, despite the difference in extinction of
the two components (Figure 3). Our data trace this rotation
to larger radii than the CO observations. Deviations from the
typical galaxy rotation curve are evident, but discussion of these
features is outside the scope of this Letter.

3.2. Outflow

The second ionized gas component is blueshifted and much
broader than the rotating component. Within 1.5 kpc of the
nucleus, the center velocity of the second component averages
$v50%% = #150 km s#1, with larger velocities closer to the
nucleus. Because these components are also very broad, with

$FWHM% = 700 km s#1, the ionized gas reaches $v98%% =
#760 km s#1. The region of broad, blueshifted emission is
asymmetric, with higher velocities to the north and more
extended emission to the east.

The neutral atomic gas in Mrk 231, as traced by Na i D,
is strikingly different from the ionized gas (Figure 4). At
the 4# level, Na i D absorption extends from radii of 0.5 to
3 kpc, which is farther than the ionized outflow. (Closer than
0.5 kpc, the nuclear emission washes out the signature of the
host galaxy.) A significant area of absorption is also seen atop
the blue continuum peak 3.5 kpc south of the nucleus.

The neutral gas velocities are also much higher than the
ionized gas velocities. The Na i D velocity maps consist of three
distinct regions, whose velocity averages are found in Table 1.
The lowest velocities lie atop the southern star-forming arc.
Higher velocity, broader components are found in the outflow
surrounding the nucleus (not including the northern quadrant).
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