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ABSTRACT

In this paper we present the first results of a study of BAL QSOs (at low and high redshift), based
on very deep Gemini GMOS integral field spectroscopy. In particular, the results obtained for
the nearest BAL IR—-QSO Mrk 231 are presented.

For the nuclear region of Mrk 231, the QSO and host galaxy components were modelled,
using a new technique of decoupling 3D spectra. From this study, the following main results
were found: (i) in the pure host galaxy spectrum an extreme nuclear starburst component was
clearly observed, as a very strong increase in the flux, at the blue wavelengths; (ii) the BAL
system I is observed in the spectrum of the host galaxy; (iii) in the clean/pure QSO emission
spectrum, only broad lines were detected. 3D GMOS individual spectra (specially in the near-
infrared Cau triplet) and maps confirm the presence of an extreme and young nuclear starburst
(8 < age < 15 Myr), which was detected in a ring or toroid with a radius r = 0.3 arcsec ~
200 pc, around the core of the nucleus. The extreme continuum blue component was detected
only to the south of the core of the nucleus. This area is coincident with the region where we
previously suggested that the galactic wind is cleaning the nuclear dust.

Very deep 3D spectra and maps clearly show that the BAL systems I and II —in the strong ‘ab-
sorption lines’ Na1DA5889-95 and Caun KA3933 — are extended (reaching ~1.4-1.6 arcsec ~
1.2-1.3 kpc, from the nucleus) and clearly elongated at the position angle (PA) close to the
radio jet PA, which suggest that the BAL systems I and II are ‘both’ associated with the radio
jet.

The physical properties of the four expanding nuclear bubbles were analysed, using the
GMOS 3D spectra and maps. In particular, we found strong multiple LINER/OF emission-
line systems and Wolf—Rayet features in the main knots of the more external super bubble S1
(r = 3.0 kpc). The kinematics of these knots — and the internal bubbles — suggest that they are
associated with an area of rupture of the shell S1 (at the south-west). In addition, in the more
internal superbubble S4 and close to the core of the nucleus (for r < 0.7 arcsec ~ 0.6 kpc),
two similar narrow emission-line systems were detected, with strong [S 1] and [O 1] emission
and AV ~ —200 km s~!. These results suggest that an important part of the nuclear NLR is
generated by the OF process and the associated low-velocity ionizing shocks.
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Finally, the nature of the composite BAL systems and very extended OF process — of
50 kpc —in Mrk 231 (and similar QSOs) are discussed. In addition, the ‘composite hyperwind
scenario’ (already proposed for BALs) is suggested for the origin of giant Lyx blobs. The
importance of study the end phases of Mrk 231, and similar evolving elliptical galaxies and
QSOs (i.e. galaxy remnants) is discussed.

Key words: ISM: bubble — galaxies: individual: Mrk 231 — quasars: absorption lines —

galaxies: starburst.

1 INTRODUCTION

Theoretical models based on the hierarchical clustering scenario
suggest that the first generation (i.e. Population III) massive stars
could be born around z = 30 (0.5 Gyr after the big bang) and the
galactic systems with masses higher than 10'° M could be assem-
bled at z = 5-10. On the other hand, there is increasing evidence
that galactic outflow (OF) and BAL systems play a main role in
the high-redshift universe, at z > 5 (Frye, Broadhurst & Benitez
2002; Maiolino et al. 2003, 2004a,b; Lipari et al. 2005, 2007a,b).
Thus, a main step for the study of QSO and galaxy formation at
high redshift is to understand the extreme OFs, BAL processes and
explosions from very massive stars in nearby QSOs/galaxies. Moti-
vated by this, our group began a program on investigations of BAL,
OF and galactic winds (GWs) in nearby infrared (IR) QSOs and
mergers (see for references Lipari et al. 2003, 2005, 2007a,b).

An evolutionary and composite scenario was proposed for BAL +
IR + Fe 1 QSOs (by Lipari 1994; Lipari, Colina & Macchetto 1994;
Lipari et al. 2003, 2005; Lipari & Terlevich 2006). Where mergers
fuel extreme star formation processes and active galactic nuclei
(AGN), resulting in strong dust and IR emission, large numbers of
supernova (SN) and hypernova events (probably in the accretion
discs and/or in the nuclear starburst ring/toroid) with expanding
supergiant bubbles and shell. The BALs in IR + Fen QSOs were
associated with this composite nature of the OF process and young
QSOs. In addition, it is important to remark that several works also
suggested an evolutionary scenario for BALs/QSOs systems (see
Hamann & Ferland 1993; Voit, Weymann & Korista 1993; Egami
et al. 1996).

Mrk 231 is the nearest BAL + IR + Feu + GW QSO. Specif-
ically, it shows very interesting spectral characteristics, dominated
in the optical by extremely strong Fe 11 and broad Balmer emission
lines at Z,, ~ 0.042, plus remarkable absorption-line systems. In
particular, Mrk 231 shows two types of absorption-line systems: a
clear stellar absorption at Z,,; ~ 0.042 plus at least three strong
broad absorption-line (BAL) systems. These strong BAL systems
show the following velocity of ejection: Ve, of BAL L, II and III
of ~4700, ~6000 and ~8000 km s~!, respectively (see for details
and references Lipari et al. 2005, 2006).

On the other hand, Mrk 231 is one of the most luminous IR object
in the local universe, with Lig;s—1000 umj = 3.56 X 10'2 Lo, Lr/Ls =
32, Mgy = —24.7 and My = —22.5 (Markarian 1969; Adams 1972;
Rieke & Low 1972, 1975; Boksenberg et al. 1977; Cutri, Rieke &
Lebofsky 1984 and others). The origin of this extreme IR luminosity
is associated with the two main sources of nuclear energy: an AGN
plus an extreme nuclear and circumnuclear starburst (see Lipari
et al. 1994, 2005, 2006).

Throughout the paper, a Hubble constant of Hy = 75 km s~
Mpc~! will be assumed. For Mrk 231 we adopted the distance of
~168 Mpc (from Lipari et al. 2005 and from this paper: Sections 3,

1

11 and 12). This distance was obtained from the stellar absorption
lines and the main emission-line component, with a final value of
redshift z = 0.042 18 and ¢z = 12654 + 10 km s~'. Thus, the
angular scale is 1 arcsec ~ 814 pc.

2 GEMINI PROGRAMME OF BAL QSOS

In this paper we present the first results from a new part of our
observational programme of BAL QSOs: a study of high spatial
and spectral resolution of 3D Gemini spectroscopy of nearby BAL
+ IR + Fe 1 QSOs, selected from our data base of IR QSOs/mergers
OF (Lipari et al. 2004c, 2005). We have observed seven nearby and
high-z BAL QSOs, from our original sample of more than 50 IR
QSOs/mergers with OF, plus submillinetre 4 radio Sloan Digital
Sky Survey (SDSS) QSOs.

The general goal of this programme is to study the kinematics,
physical conditions and morphology of the gas and the stars in the
very nucleus of BAL + IR + Fen QSOs. Some of the particular
goals of this programme can be enumerated as follows.

(i) To study BALs associated with composite QSOs: AGN +
starburst (with jet + accretions discs, shells). Specifically, to study
in detail our finding that some BALs systems are linked with: (1)
bipolar OF probably generated by subrelativistic jets (Lipari et al.
2005; Punsly & Lipari 2005) and (2) supergiant explosive events,
probably associated with hypernovae (Lipari et al. 2005).

Our purpose is to study the spatial distribution, and the kinematics
and physical properties of the ionized gas, stars and dust, all of
which provide information about the evolutionary conditions of the
interstellar medium (ISM) and the possible origins of extreme star
formation and explosive processes.

(i1) Toinvestigate the presence, properties, origin and importance
of GWs, stellar populations and giant explosions in BAL 4 IR +
Fe 1 QSOs/mergers.

In particular, it is important to study in detail the host galaxies
of BAL + IR QSOs, specially the presence of GWs, young stellar
populations [with Wolf-Rayet (WR) features, etc.], SN, HyN and
giant arcs/shells.

(iii) To study possible links or evolutionary paths among mergers,
starbursts, BAL, QSOs and galaxies. More specifically, to analyse
the possible connection between IR mergers with extreme starburst
+ GW leading to IR composite QSOs with GW, and elliptical
galaxies.

We have a special interest in studying the evolutionary role of
IR QSOs with BAL + giant galactic shells (plus strong Fe 11 emis-
sion). These IR QSOs were defined as composite and transition
objects between ULIRGs and standard QSOs, in the IRAS colour—
colour diagram (Lipari 1994; Lipari et al. 2005): figs 5 and 15, re-
spectively); e.g. Mrk 231, IRAS 0759846508, IRAS 17002+5153,
IRAS 04505—2958 and others.
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Table 1. Journal of observations of Mrk 231.

1297

Object Date Telescope/ Spectral region Exposure time Comments
instrument (s)
Gem data
(north)
Mrk 231 2005 April 06 8.1 m Gemini/GMOS-IFU R831, AA5750-7850 A 900x 1 Nucleus, (FWHM) = 0.7-0.8 arcsec
Mrk 231 2005 April 06 8.1 m Gemini/GMOS-IFU R831, AA5750-7850 A 900x 1 Arc, (FWHM) = 0.7-0.8 arcsec
Mrk 231 2005 April 30 8.1 m Gemini/GMOS-IFU B600, A13420-6200 A 1800%x2 Nucleus, (FWHM) = 0.4-0.5 arcsec
Mrk 231 2005 April 30 8.1 m Gemini/GMOS-IFU B600, 2134206200 A 1500%2 Arc, (FWHM) = 0.4-0.5 arcsec
Mrk 231 2005 April 30 8.1 m Gemini/GMOS-IFU B600, 2145507400 A 1200x2 Nucleus, (FWHM) = 0.4-0.5 arcsec
Mrk 231 2005 April 30 8.1 m Gemini/GMOS-IFU B600, AA4550-7400 A 900x2 Arc, (FWHM) = 0.4-0.5 arcsec
Mrk 231 2005 April 30 8.1 m Gemini/GMOS-IFU R831, AA7750-9850 A 900x 1 Nucleus, (FWHM) = 0.4-0.5 arcsec
HST data
(archive)
Mrk 231 1995 October 23 HST/WFPC2 F439W, A14283/464 A 2226 (FWHM) = 0.1 arcsec
Mrk 231 1995 October 23 HST/WFPC2 F814W, 1 A8203/1758 A 712 (FWHM) = 0.1 arcsec
Mrk 231 2003 March 17 HST/ACS F330W, A A3354/588 A 1140 (FWHM) = 0.1 arcsec
Mrk 231 2003 September 09 HST/NICMOS F160W, A A1.60/0.40 um 640 (FWHM) = 0.22 arcsec
Mrk 231 1992 November 27 HST/FOS G190H, 211275-2320 A 5760
Mrk 231 1992 November 27 HST/FOS G270H, A A2225-3295 A 2880
Mrk 231 1996 November 21 HST/FOS G160L, » A1150-2300 A 770
WHT data
La Palma
Mrk 231 2001 April 12 4.2 m WHT/INTEGRAL 2162007600 A 1800x3 (FWHM) = 1.0 arcsec
NOT data
La Palma
Mrk 231 1991 May 11 2.5m NOT Vv 1200x3 (FWHM) = 0.7 arcsec
KPNO Data
Mrk 231 1991 February 15 2.15 m KPNO/GoldCam AA3350-5200 A 900x2 PA = 90°, slit width = 1.5 arcsec
2.15 m KPNO/GoldCam AA5100-7100 A 900x2 PA = 90°, slit width = 1.5 arcsec

(iv) To study the origin of low-ionization BAL systems observed
in IR QSOs (Boroson & Meyer 1992; Lipari 1994; Lipari et al.
1994). These absorption systems can be explained within the frame-
work of the composite (starburst + AGN) OF scenario. We are
particularly interested in making a detailed study of our proposi-
tion that some BAL systems and extreme Fe1 emission could be
associated with GWs that produce dusty expanding shells.

A second programme of this research is the study of OF/BAL in
forming galaxies and QSOs at high redshift (z > 2). We are studying
very deep 3D spectroscopic data of submillimetre and radio SDSS
BAL QSOs, using Gemini + GMOS and ESO VLT + VIMOS. It
is important to remark that some luminous submillimetre source at
high z imply in the rest-frame luminous IR sources. Thus, probably
we are studying the same type of objects in both programmes. We
have already observed three high-z BAL QSOs.

3 GEMMINI OBSERVATIONS AND DATA
REDUCTION

3.1 Gemini GMOS-IFU observations

The 3D deep optical spectroscopy of the nucleus and the more ex-
tended arc of Mrk 231 was obtained during two photometric nights
in 2005 April, at the 8.1-m telescope in Gemini-North Observatory.

The telescope was used with the Gemini Multi-Object Spectrograph
(GMOS) in the mode integral field unit (IFU; Allington-Smith et al.
2002). The spectra covered all the optical wavelength range: from
3400 to 10000 A. The observations were made in photometric con-
ditions, and with seeing in the ranges of ~0.4—0.6 arcsec (in the
observing run of 2005 April 30) and ~0.7-0.8 arcsec (in 2005 April
6). For details of each observations, see Table 1.

The data were obtained with the IFU in one slit mode, which
provide a spatial field of 3.5 x 5.0arcsec? for each resulting sci-
ence data cube. With this observing configuration, the GMOS-IFU
comprises 750 fibres; each spans a 0.2 arcsec hexagonal region of
the sky. 500 fibres make up the 3.5 x 5.0 arcsec?® science field of
view; and 250 fibres make up a smaller, dedicated sky field, which
is fixed at 1 arcmin of distance of the science position (Allington-
Smith et al. 2002). We used in the first night the R831 grating
in GMOS, which has a ~40 km s~! spectral resolution. In addi-
tion, the B600 grating was used in the second night, which has a
~120 km s~! spectral resolution.

Very deep 3D spectra were obtained for all the observations the
B600 grating, for this bright QSO. The typical exposure time were of
~1 h (for the nucleus and for the arc, see for details Table 1). These
very deep observations were performed in order to study multiple
components in the OF/BAL process, the spectrum of the host galaxy,
the extreme nuclear starburst (with massive star population) and the
knots in the expanding shells/bubbles.
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3.2 Reduction and analysis of Gemini GMOS-IFU data

The following software packages were used to reduce and to analyse
the GMOS-IFU data: R3D + EURO3D visualization tool,' IRAF* and
GEMINL

The 3D GMOS-IFU spectroscopic observations were reduced us-
ing a modified version of R3D software package (Sanchez & Cardiel
2005; Sanchez 2006). This reduction process was performed fol-
lowing the standard steps: (1) the data were bias subtracted; (2) the
expected location of the spectra were traced on a continuum lamp
exposure obtained before each target exposure; (3) the fibre-to-fibre
response at each wavelength was determined from a continuum
lamp exposure; (4) wavelength calibration was performed using arc
lamp spectra and the telluric emission line in the science data; (5)
the sky background spectrum was estimated before subtraction by
averaging spectra of object-free areas; (6) the calibration flux was
done using the observation of standard stars and (7) the observations
of the nucleus and the arc (for the corresponding gratings) were then
combined in mosaics. A total of 14 700 spectra — of Mrk 231 and
sky — were reduced and calibrated, using this technique.

After this basic reduction process, a data cube was created for
each exposure and for each mosaic. The cubes were then recentred
spatially by determining the position of the core of the nucleus of
Mrk 231. This recentring corrects for differential atmospheric re-
fraction (DAR). It is important to note that we already performed
a detailed study of the effect of the atmospheric refraction in the
position of the core of the nucleus in 3D spectroscopy (for differ-
ent wavelengths: from 7800 to 4200 A; Arribas et al. 1997, their
fig. 4a). From this study, a variation in the position of the core of the
nucleus of ~1.5 arcsec was found, at La Palma WHT. Therefore,
for the very high spatial resolution GMOS data (and covering a very
large wavelength range) it is important the recentring process.

To generate 2D maps of any spectral feature (intensity, velocity,
width, etc.) the bA and INTEGRAL software tools (Garcia-Lorenzo
et al. 2002) were used. We have found that the DA package gets
better results recovering 2D maps from low signal-to-noise ratio
(S/N) data. The DA interpolation is performed using the IpL standard
routine TRIGRID, which uses a method of bivariate interpolation
and smooth surface fitting for irregularly distributed data points
(Akima 1978). Maps generated in this way are presented in the
following sections.

In addition, we used the software specrr,* plus spLoT; both
from the RAF and stspas® packages. An example of SPECFIT
deblending, using three components for each emission line in
IRAS 01003—-2238, was shown in fig. 2 of Lipari et al. (2003). In
each GMOS spectrum the presence of OF components and multiple
emission-line systems were confirmed by detecting these systems
in at least two or three different emission lines ([N ]16583, He,
[N 1] 16548, [Su]Ar6717/31, [O1]A6300, [O m]A5007 and HB).

Finally, it is important to note that in general the main parame-
ters of the spectra [i.e. the fluxes, equivalent widths (EqWs), S/N,

1 R3Dp is the imaging analysis software facility developed by us at Calar Alto
Observatory (Sanchez & Cardiel 2005; Sanchez 2006). EURO3D visualization
tool is a software package for integral field spectroscopy, developed by
EURO3D Research Training Network (Sanchez 2004).

2 IRAF is the imaging analysis software developed by NOAO.

3 GEMINI is the reduction and analysis software facility developed by Gemini
Observatory.

4 specriT was developed and is kindly provided by Gerard A. Kriss.

5 s1spas is the reduction and analysis software facility developed by the
Space Telescope Science Institute.

errors/o, etc.] were carefully measured and their errors analysed
using different software tasks described previously: i.e. R3D, EURO-
3D, GEMINI-GMOS, IRAF, IDA, INTEGRAL, STSDAS, SPECFIT, GALFIT-3D,
etc. In general, we follow for the analysis of the errors/o, S/N, etc.
the mathematical algorithms described in detail by Roederer (1963)
and Bevington (1969). For the study of the kinematics, the ApHOC®
software package was also used. For the analysis of the errors/c in
the kinematics, mainly the prescriptions suggested by Keel (1996)
were used.

3.3 The GMOS-IFU mosaic of Mrk 231

Fig. 1 -NOT V wide field image — shows together the whole merger
and the observed GMOS mosaics (in orange colour, and covering
an area of ~3.5 x 9.0 arcsec?, ~3 x 7.3 kpc). This mosaic was
constructed by combining two individual Gemini + GMOS-IFU
frame (of 3.5 x 5.0 arcsec?). The first GMOS frame was centred in
the core of the nucleus of Mrk 231, and the second one in the more
extended bubble/arc (at 4 arcsec to the south, from the core of the
nucleus).

Fig. 1 shows that Mrk 231 consists of a nearly elliptical main
body (of R ~ 10 kpc) with a compact nucleus, plus two faint tidal
tails (see for details Hamilton & Keel 1987; Neff & Ulvestad 1988;
Lipari et al. 1994). Therefore, the GMOS mosaic covers the nuclear
and circumnuclear region of the IR merger.

3.4 Multiple components in the GMOS-IFU emission-line
spectra

An important point in the study of spectra obtained with relatively
high spectral resolution is the analysis of multiple components (in
each emission line, especially in the stronger lines [N uJ16583 and
Ha). This type of detailed study was performed for several nearby
galaxies, including systems with OF process, e.g. NGC 1052, 3079,
3256,4550, 5514, 7332, Cen A, etc. (e.g. Bland, Taylor & Atherton
1987; Veilleux et al. 1994; Plana & Boulesteix 1996; Lipari et al.
2000, 2004d, 2005). For Mrk 231, using the 3D GMOS spectra
with high and moderate spectral resolution (R831 and B600 grating
with spectral resolution of ~40 and 120 km s~!, respectively), a
detailed study of multiple emission-line components was performed
(especially in order to analyse OF motion). Fig. 2 shows the presence
of these multiple emission (and stellar absorption) line systems.

In particular, from this study — of multiple component — the
following main results were obtained.

(i) Main component in the emission lines (MC-EMI, MC-EMT*)

In the nucleus and the circumnuclear region of Mrk 231 a sin-
gle strong/main emission-line component (MC-EMI) was detected.
This ELC was measured and deblended using the software spLOT
(see Section 3.2). For this MC-EMI aredshiftat z = 0.042 50 (12 750
km s~') was measured.

In addition, at the south-west nuclear and circumnuclear regions
(of the GMOS mosaic) this main component (MC-EMI*) was de-
tected with a clear blueshift at z = 0.04220 (12600 km s~ ).

(ii) Blue OF emission components (OF-EBI, OF-EB2*,
OF-EB3*

The presence of several strong OF components was observed,
specially in the main knots of the supergiant shells. These ELCs
are blueshifted, in relation to the systemic velocity and the

6 apHOC is a 2D/3D kinematics analysis software developed by Dr J.

Boulesteix at Marseille Observatory.
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Mrk 231

GMOS
Mosaic
(3.5"% 9")

T

Figure 1. V broad-band image of the main body and the faint tails of Mrk 231 (obtained at the 2.5 NOT telescope, La Palma Spain) showing the mosaic field

observed with Gemini + GMOS. This figure is adapted from Lipari et al. (2005).

MC-EMI of the merger; and they were deblended using the software
SPECFIT.

(1) OF-EBI: This is a low-velocity blue OF component, which
was detected in almost all the main knots of the four supergiant
bubbles. We have measured for OF-EB1 a range of values of red-
shifts z = [0.04140,0.04210] (12470, 12630 km s7!), AV =
V(OF-EB1) — V(MC-EMI) = [—150, —300] km s~'.

(2) OF-EB2*: This is an intermediate velocity blue OF com-
ponent, which was detected only in the main knots located in
the south-west region of the four more external supergiant bub-
bles. We have measured for OF-EB2* a redshift z = 0.04080
(12240 km s7'), AV = V(OF-EB2*) — V(MC-EMI*) =
—400 km s~

(3) OF-EB3*: This is an extreme blue OF component, which was
detected in the south-west border of our GMOS mosaic (we call
this region as SW1, which is located at [1.7 arcsec west, 5.6 arcsec

south]). We have measured for OF-EB3* a redshift z = 0.039 20
(cz = 11774 km s7'), AV = V(OF-EB3*) — V(MC-EMI*) =
—905 km s~!.

(iii) Red outflow component in the emission line (OF-ERI)

This is a low-velocity red OF component, which was detected
in the circumnuclear areas and in some knots of the supergiant
bubbles. We have measured for OF-ER1 a range of redshifts z =
[0.04298,0.04333] (12895, 12998 km s~!), AV = V(OF-ER1) —
V(MC-EMI) = [+150, +-250] km s~

In conclusion, with the spectral resolution of this study we can
identify at least six different emission-line systems. These results are
specially important for the study of the OF process of the multiple
expanding supergiant bubbles/shells, and also for the generation
and interpretation of the velocity fields (VFs) and emission-line
ratio (ELR) maps.
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Figure 2. Example of GMOS spectra with multi or different emission
and absorption-line components. The scales of flux are given in units of
(erg cm™2 571 A=1 x 10719). The tick marks show the positions of the
peaks of different emission-line components (in panel 2a the upper tick
marks show OF components). See the text (Section 3.4) for details of the
main components (MC) and OF; of the emission and/or absorption lines
(EMLI, ABS).

4 HST-ARCHIVE DATA AND OUR PREVIOUS
OBSERVATIONS

It is important to remark that the high spectral and spatial resolution
GMOS observations — of Mrk 231 — were obtained in order to
continue and to test our previous studies (which were performed at
moderate/low spatial and spectral resolution, but for wide spatial

fields). Therefore, in this paper is essential to compare the Gemini
results with those obtained previously.

The technical details of our previous observations of Mrk 231
(obtained at La Palma/WHT, La Palma/NOT and Keat Peak/Gold-
Cam) and the used archive data [from Hubble Space Telescope
(HST)/WFPC2, HST/ACS, HST/NICMOS and HST/FOS] were al-
ready described by Lipari et al. (2005). However, in Table 1 a sum-
mary of these observations are presented. In addition, it is interest-
ing to note that Lipari & Terlevich (2006) presented an evolutionary
model for AGN and QSOs, in which a main point is the composite
nature in the core of the nucleus of BAL + IR + Fen QSOs. Thus,
the Gemini plus previous data of Mrk 231 are an important test for
the evolutionary theoretical model of composite AGN/QSOs.

5 DECOUPLING THE GMOS-IFU NUCLEAR
SPECTRUM: HOST, QSO AND BAL
COMPONENTS

Very recently, a new method for decoupling the spectra of the
QSOs/AGN from the host galaxies — using 3D spectroscopy — was
developed by us (see for references and details Wisotzki et al. 2003;
Jahnke et al. 2004; Sanchez et al. 2004; Wisotzki et al. 2004; Garcia-
Lorenzo et al. 2005; Sanchez et al. 2006a,b). Using this technique
the clean 3D spectra of the host stellar population could be obtained.

The pure 3D spectra of the host galaxy combined with stellar
population models allowed us to analyse the properties of the nu-
clear stellar component, in Mrk 231. In addition, the presence of
a young and blue stellar component — in the core of the nucleus
of Mrk 231 — was already suggested, in the framework of extreme
GW scenario with multiple expanding shells (for this merger and
for similar BAL + IR + Fen QSOs/mergers; Lipari et al. 1994,
2003, 2005).

5.1 Description of the GALFIT-3D model, and the application
of this technique to Mrk 231

Different techniques have been developed to decouple the main
components of an image. A commonly used method is to fit the
image with 2D models, including template for each different com-
ponents. This type of technique is implemented in GALFIT (Peng
et al. 2002), a program for modelling several components in im-
ages. On the other hand, Jahnke (2002) developed a method for
decoupling the host and nuclear spectra of galaxies, for 1D long-slit
spectroscopy.

Integral field (or 3D) spectroscopy combines characteristics of
images and spectroscopy techniques. Thus, a natural extension of
the modelling 2D images (plus decoupling 1D spectra) is to split the
3D spectra data cube in a set of narrow-band images of the width of
the spectral pixel and treat them as individual images. This technique
has been used successfully for the deblending of QSOs/AGN with
3D spectroscopy (see for references Sanchez et al. 2006a,b).

A more detailed description of the GALFIT-3D method is pre-
sented in Appendix A. In addition, also a more detailed description
of the effect of the DAR is included in Appendix B.

For the nuclear region of Mrk 231 (r < 1.7 arcsec), the 3D image
modelling of the nucleus and the host galaxy for each monochro-
matic image was performed using GALFIT-3D. The 3D model
comprises a narrow Gaussian function (to model the nucleus) and
a de Vaucouleurs law (to model the galaxy), both convolved with a
point spread function (PSF). Thus, a main step in this technique is to
obtain the best PSF, for the 3D data (specially, for spectra obtained
with high spatial and spectral resolution).
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Figure 3. Combined 1D KPNO and HST/FOS spectra of Mrk 231. This figure is adapted from Lipari et al. (2005).

For the GMOS data, the PSF was carefully obtained from the core
of the nucleus of Mrk 231 using the He and HB broad line emission.
Thus, we have obtained a PSF, which was derived from the same 3D
spectra that we study (similar to a PSF observed simultaneously with
the scientific data: i.e. probably the best PSF available). In particular,
the PSF was generated using the technique described in detail by
Jahnke et al. (2004). For Mrk 231, the He and HB have a mix of
broad line and continuum emission. By adding up the corresponding
image slice and subtracting the appropriate background frame, the
contained host and nuclear continuum emission were removed. This
results in a pure BLR PSE.

Then, the fitting process was performed twice. A first iteration
were all the morphological parameter of the host galaxy fitted freely,
and second one were they are fix to the average values along the
wavelength (as described in Sanchez et al. 2006a,b). This method
ensures a clean decoupling of both spectra.

In addition, it is important to remark two main points about
the process of modelling the 3D GMOS spectra of Mrk 231
nucleus.

(i) Only with the set of very deep Gemini GMOS-IFU observa-
tions (obtained with B600 grating, see Table 1), this method — for
decoupling the 3D spectra — allowed a detailed study of the spectral
feature of the host galaxy. Since the study of the faint host galaxy
component requires 3D spectra with very high S/N.

Using the GMOS-IFU observations obtained with relatively short
exposure time (i.e. those observed with R831 grating), we found that
the pure spectrum of the host galaxy has very low S/N. Even for
exposure of 900 s in a 8-m class telescope.

(ii) For the GMOS data obtained with B600 grating, we found
that in almost all the observed spectral range the derived spec-
trum of the host galaxy shows high S/N values (larger than 10).
Even at ~3700 A (close to the limit of blue wavelength range),
the spectrum of the host galaxy shows good S/N (larger than 5).
Obviously, this fact is due to the ‘very’ large exposure time of the
B600 3D spectra (with more than 1 h of exposure time, for the
nucleus).

On the other hand, it is important to remark that it is already
known that the nuclear/QSO spectrum of Mrk 231 shows a strong
continuum fall at wavelength shorter than 3800 A (see Fig. 3, where
the arrow depicts the strong continuum fall at this wavelength).
Therefore, the blue limit for our 3D decoupling method was in the
range A23700-3800 A.

5.2 Decoupling the BAL, host galaxy and QSO components in
Mrk 231 (using the GALFIT-3D model)

Figs 4 and 5 show the spectra of the QSO and the host galaxy
of Mrk 231 for the nuclear region (r ~ 1.7 arcsec), which were
obtained using the technique of decoupling described in the previous
subsection and from the 3D GMOS + B600 data. From this study
and these plots, the following main results were found.

(i) For the QSO component: Figs 5(a), (b) and (c) clearly show
— specially at Ho — that the broad emission lines are present, and
thus the standard narrow line region (NLR) is absent. This is a
very interesting property found in BAL IR QSOs (see for reference
Lipari 1994; Turnsheck et al. 1997; Lipari & Terlevich 2006; Veron
et al. 2006).

It is important to remark that in the blue wavelengths, the pure
QSO spectrum shows a strong fall in the continuum. Furthermore,
this strong fall in the blue continuum of the QSO is evident in Fig. 3:
i.e. even before to perform any deblending technique. This feature
—the drop in the blue continuum — is typical of low-ionization BAL
QSOs and luminous IR QSOs/galaxies (Sprayberry & Foltz 1992;
Lipari 1994; Turnsheck et al. 1997), which is associated mainly
with strong nuclear reddening, by dust.

(ii) For the host galaxy component

(1) Fig. 5(c) depicts that the host galaxy has a strong nuclear
blue/starburst component. Specifically, the flux of the host galaxy
shows a very strong increase in the blue region of the optical spec-
trum. In addition, a similar result was found from the study of the
emission and absorption lines in the individual GMOS spectra of
the nuclear region (see the next sections).
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Figure 4. Decoupled QSO and host galaxy spectra of Mrk 231. These spectra were obtained from the decoupling of the Gemini GMOS-IFU B600 spectra,
using the new technique described by Sanchez et al. (2004, 2006a,b) (see the text).
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Figure 5. Detailed QSO and host galaxy nuclear spectra, of Mrk 231, for
selected wavelength regions (using the B600 grating). In the panel 5(b) and
for the host galaxy the y-axis was expanded (in order to show the weak
narrow Na1D absorption lines).

(2) Figs 5(b) and (c) show that the BAL system I (at Na1D, He1
and Cau lines) are clearly observed in the host galaxy, i.e. the BAL
I shows an extended morphology.

(3) Fig. 5(a) shows — at relatively low S/N — OF components in
[N u]JAr6548 and 6583 emission lines, of the host galaxy.

(4) Figs 5(b) shows clearly the NaiD absorption in the host
galaxy, at redshift of the system/merger.

An interesting explanation for point (i) is that the multiple nuclear
explosive events (composite OF, detected previously in this QSO)
probably expel the standard NLR. However, in the next sections
we will present evidence of narrow emission-line systems — in
the nuclear and circumnuclear regions — associated with the OF
process.

6 MAPPING THE NUCLEAR CONTINUUM
FLUX AND THE EXTREME BLUE
COMPONENT WITH GMOS-IFU

In order to confirm one of the main results obtained in the previous
section: i.e. the presence of an extreme blue component detected in
the clean spectra of the host galaxy (for the nuclear region of Mrk
231), we have analysed — at different wavelength ranges — the shape
of the continuum emission in each individual spectrum, for all the
nuclear and circumnuclear regions.

Furthermore, it is important to remark that we already observed
— using low spatial resolution 3D La Palma WHT + integral spec-
troscopy — some variations in the nuclear continuum shape (even
in the red wavelength range, adjacent to Ha). Specifically, clear
differences in the continuum shape were observed among figs 6(a),
(b), (c) and (e) of Lipari et al. (2005), at different nuclear and
circumnuclear areas.

Thus, a first basic qualitative study of GMOS spectra was per-
formed, which was based in a direct/simple inspection of the con-
tinuum shape, at each spectrum. Figs 6 and 7 show two sequences
of individual spectra (for the blue + [O1]A3727 and visual + Hp
wavelength regions) along the north—south direction (PA = 00°).
From this qualitative study of all the nuclear spectra, two very inter-
esting results were found (which are evident in Figs 6 and 7): (i) in
the southern nuclear area (from the core of the nucleus) an extreme
blue continuum component was detected; (ii) in the northern area
an extreme red continuum component was observed. These results
were verified at almost all the observed wavelength ranges.

Then, a detailed quantitative study of the continuum was per-
formed, using for this purpose a colour index defined — by us — as
the difference of fluxes at the border of the wavelength range of each
GMOS CCD (using the B600 grating; see Table 1 for details of the
GMOS observation, and Allington-Smith et al. 2002 for details of
the GMOS instrument):

(i) for the blue wavelengths: [Flux(A4300) — Flux(A3700)] x
1016’

(ii) for the visual wavelengths: [Flux(15250) — Flux(14350)] x
10,

Fig. 8 shows a map of the continuum colour index, for the wave-
length region around Hp (i.e. using the second colour index). This
GMOS map confirms the presence of an extreme blue component
in the continuum flux, which is located to the south of the nu-
clear region. This area is located in the region where we previously
suggested that the GW — with superbubble/shells — is cleaning the
nuclear dust. This fact is — probably — the reason that could explain,
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Figure 6. Sequence of individual GMOS spectra — at the blue wavelength region — of the core of the nucleus and the nuclear region of Mrk 231 — at PA = 00°
— showing the presence of the strong blue (and red) continuum. The blue component was found in all the south region. The scales of flux are given in units of

(erg em™2 s Al x 10716),

that an extreme nuclear starburst is observed at optical wavelength

(in an ultraluminous IR/dusty merger).

It is important to remark that: (i) for a radius r < 1 arcsec (from
the nucleus) the errors in the values of the measured colour index

[Flux(15250) — Flux(14350)] were less than 8-10 per cent. This
fact is evident even if we see directly the different panels of Fig. 7:
since the variations in the continuum are very strong and the spectra
show very high S/N. (ii) We have measured the fluxes at 14350

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 392, 1295-1338

Downl oaded from https://academ c. oup. com nmras/articl e-abstract/392/4/ 1295/ 964335
by Instituto Nacional de Astrofisica, Optica y Electronica user
on 06 June 2018



GEMINI 3D spectroscopy of BAL + IR 4 Feu QSOs

FLUX
1F T T —
(a) ﬂﬁ
[0", 0.6" North] m,,:'w.'
I}
8 | -
¥
r;
8 g 4
Pl
i
St A 4
ﬁﬂw"'
| 1 1 | 1
4400 4600 4800 5000 5200
Wavelength [A]
FLUX
I I T
L 107 0.2 North] © _;’a\..r"' }f"l;
.r!
;l.
s f -
/
s
p
i (-""/‘ '”\‘\J‘r! i
b ] i -
‘ui"
ot i
[‘.)1 L 1 1 1
4400 4600 4800 5000 5200
Wavelength [A]
FLUX
1w T T (e) T I —
[0, 0.2" South] f

A

1
W ol
rof | J J
7 M
1 1 | 1 1
4400 4600 4800 5000 5200
Wavelength [A]
FLUX
I Ll I
F (9) [0°, 0.6" South]
3.5 -
il i
2.5 -
2r A‘ -
1.5 \m_
1 1 1 1 1
4400 4600 4800 5000 5200

Wavelength [A]

1305

FLUX
T T T
=r [0%, 0.4" North] () K
|'ﬂ\’:\v'r
i
.- ! 4
2 /
]
o /
1.5 i \ P -
e
A
i M,.v”‘" 4
S
irb
1 1 1 1 1
4400 4600 4800 5000 5200
Wavelength [A]
FLUX

I 1

() ,’\ /\ i

{ '
s !JI
/ wﬁwj\l\”j

J e
/‘k‘}"‘
~

Y -1

1 1 1 1 1
4400 4600 5000 5200

of Nucleus Core[0", 07]

4800
Wavelength [A]

FLUX

T
[0", 0.4" South]

AN, 1 (5
\\mfw\.h

(] -

4400 4600 4800 5000 5200
Wavelength [A]
FLUX
T T T
1.6 (h) [0%, 0.8" South]

4400

5200

4600 4800

Wavelength [A]

5000

Figure 7. Sequence of individual GMOS spectra — at the HB wavelength region — of the core of the nucleus and the nuclear region of Mrk 231 — at PA = 00°
— showing the presence of the strong blue (and red) continuum. The blue component was found in all the south region. The scales of flux are given in units of
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and 25250 A using a wavelength window of A = 15 A, which are

almost free from emission lines.

The contour of this continuum colour index map (Fig. 8b) shows
a clear peak in this blue continuum component, which is located

at 0.3 arcsec to the south of the core of the nucleus. This position
of the peak is located in the same position of the internal ring S5
(with also a radius of 0.3 arcsec; Lipari et al. 2005). Thus, this
peak is probably positioned inside of the dusty ring or shell S5.
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Figure 8. GMOS map and contour of the strong blue (and red) continuum components. The contours start from colour —6.0 to 4.3 (step of 0.6).

Furthermore, there is a symmetric red continuum peaks, positioned
at 0.3 arcsec to the north of the core of the nucleus. The individual
GMOS spectra of these two symmetric blue and red peaks show
strong and narrow multiple emission-line components (with OF),
specially in the lines.

(i) [OuJr3727 (Fig. 6): The NLR in this line is absent at the core
of the nucleus, but it is very strong and with double components
at [0.4 arcsec south, 0.2 arcsec east], [0.4 arcsec south, 0.0 arcsec]
from the core of the nucleus (which are in the area of the strong blue
continuum peak). We have measured for these two [O 11] component
a AV = —400 km s~', and full width at half-maximum (FWHM)
of 160 km s~!.

(i1) IR CanA8500 triplet: These lines show strong relatively nar-
row stellar emission and absorption ‘only’ at 0.4 arcsec to the north
and south of the core of the nucleus (the areas of the red and blue
continuum peaks). In the next section, this point (the emission and
absorption of the IR Cau triplet) will be analysed in detail.

(iii) [Su], [O1]A6300, He, HB, [Om]A5007: In Section 10, a
detailed study of the NLR — at these lines — will be presented, for
the core of the nucleus and the nuclear regions, we found that the
nuclear NLR is associated to the nuclear OF process.

These results — specially the points (i) and (ii) — are the clear
signature of a very young stellar population (close to the core of
the nucleus). More specifically, the presence of two strong narrow
[OnJA3727 components (plus the ELRs found in this area) could be
associated with young H regions with strong OF process (Lipari
et al. 2000, 2004a,d). The strong narrow emission plus absorption
in the IR CanA8500 triplet is clearly associated with the peak of red
supergiant (RSGs) activity, with age of 8 Myr < age < 15 Myr (see
for references Lipari & Terlevich 2006).

On the other hand, different previous studies performed with very
high spatial resolution at radio and millimetre wavelengths (using
interferometric techniques) already proposed that in this area — of
the ring S5 — there is a disc of molecular gas, with extreme star
formation rate (SFR) of ~100-200 M yr™' (Bryan & Scoville
1996; Carrilli, Wrobel & Ulvestad 1998; Downes & Solomon 1998;
Taylor et al. 1999). Thus, our finding of a dusty ring or toroid with an

extreme/young star formation process — around the nucleus of Mrk
231 — is in excellent agreement with previous studies performed
at different wavelength regions and using different observational
techniques.

7 MAPPING WITH GMOS-IFU THE NUCLEAR
EMISSION OF THE NEAR-IR CA 11 TRIPLET

M231 is one of the few QSOs that show very strong near-IR broad
Caun triplet in emission (see for details and references Lipari &
Terlevich 2006). Furthermore, our evolutionary and composite
model for QSOs/AGN predicts the simultaneous occurrence of
strong near-IR Can broad emission and strong Cau stellar absorp-
tion, in young Fen QSOs. Thus, the study of the high-resolution
near-IR GMOS data (of Mrk 231) is: (i) an important test of our
composite and evolutionary model of BAL + IR + Fen QSOs; (ii)
an important tool in order to study in detail the physical conditions
in the nuclear and circumnuclear regions.

It is important to remark that the GMOS-IFU spectra of the near-
IR Can triplet were obtained with the best spectral resolution of
this instrument (~40 km s~!, using the GMOS grating R831). In
addition, these data were obtained in our observing run with the
best seeing/spatial resolution (see Table 1). Fig. 9 shows interesting
GMOS data, at the near-IR Cau triplet + O1, which were selected
from the spectra of all the nuclear region. From this plot and study,
we found very interesting results.

(i) In the core of the nucleus of Mrk 231, a blend of broad and
strong emission — of the IR Cau triplet — was detected (Fig. 9).
Thus, at the core of the nucleus of Mrk 231, the NLR is probably
absent. A similar result was found in Section 5, using GALFIT-3D
method. Furthermore, similar results were detected for the BAL +
IR + Fe1 QSOs (i.e. the NLRs are absent at the cores).

(i1) At 0.4 arcsec north and 0.2 arcsec west, from the core of the
nucleus of Mrk 231: strong narrow emission in the IR Can triplet
+ O1 superposed with the broad blend — of Ca1u emission — were
detected (Fig. 9). The spectra of this region show the typical feature
of a ‘Seyfert 1.5 AGN.
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Figure 9. Selected GMOS spectra of the core of the nucleus and nuclear
region of Mrk 231 — for the red wavelength — showing the IR Cau triplet.
These spectra were obtained with the best GMOS-IFU spectral resolution
(and in our Gemini observing run with the best seeing/spatial resolution).

For the 18446 O1 and the IR 18498, A8542 Caun lines, the fol-
lowing values of FWHM were measured: 190 and 370 km s!,
respectively.

It is important to remark that in the GMOS R831 spectra (Fig. 9)
the 18662 Cau line is positioned in the wavelength area of strong
near-IR sky lines. Thus, this Ca nA8662 line (superposed with strong
sky lines) was not used for this study.

(iii) At 0.2 arcsec north, from the core of the nucleus of Mrk
231: the narrow Can A8498 line shows a clear emission with an
‘unusual double peak’ (see for typical IR Can triplet features, in
AGN: Terlevich, Diaz & Terlevich 1991). This feature could be
explained by the superposition of a strong narrow emission with a
weak narrow absorption (Fig. 9).

It is important to remark that Lipari & Terlevich (2006) already
suggested in their evolutionary unification composite model: i.e. the

1307

possible detection — in composite BAL + IR + Fen QSOs/AGN —
of the near-IR Cau triplet, in emission and superposed with weak
absorptions.

An explanation for this unusual double peak feature — observed
at Can A8498 line — is the interesting fact that the emission fluxes in
the triplet is almost 1:1:1, but the absorption is 1:9:5. Thus, in this
Can 28498 line the emission and the absorption could be detected
(together) more easily. Furthermore, for the same reason the line
Can A8542 is the more absorbed (Cam line). This feature is also
observed in Fig. 9 where the line 18542 is almost absent.

It is important to remark that for the very near area, at 0.4 arcsec
north and 0.2 arcsec west (from the core of the nucleus) the peaks
of the Can 18498 and 18542 lines did not show any unusual double
peaks/features.

(iv) At 0.4 arcsec south, from the core of the nucleus of Mrk
231, again the narrow Can A8498 line shows a clear emission with
an ‘unusual double peak; and this feature could be explained by
the superposition of a strong narrow emission with a weak narrow
absorption (Fig. 9).

(v) A comparison of the flux and profile of the narrow near-IR
Can 18498 emission line, between the positions at [0.4 arcsec north,
0.2 arcsec west] from the core (which could be assumed as free of
absorption) and at [0.2 arcsec north, 0.0 arcsec]: we found that
the absorption in the Can 18498 is close to 25-30 per cent of the
emission line.

It is important to note that these results for the ‘narrow’ emis-
sion and absorption line of the near-IR Cau triplet are free of any
contamination from the core of the nuclear PSF. Since, the NLR is
absent at the core of the nucleus of Mrk 231.

It is important to remark that these interesting areas at 0.2 arcsec
to the north and 0.4 arcsec to the south of the core of the nucleus (i.e.
the only regions where we detected the IR Cau triplet with Seyfert
1.5 features plus the narrow Ca 11 8498 line with an ‘unusual double
peak feature; which is probably due to the emission plus absorption)
could be associated with the previously detected ring S5 (Lipari et al.
2005). In this ring, the GMOS data also show the following.

(i) Two very strong peaks of blue and red continuum components
(located at symmetric position, ~0.3 arcsec from the core of the
nucleus).

(ii) Very strong multi-emission-line components (with an OF of
—400 km s~!) in the [O1]A3727 lines, and at the position of the
blue continuum peak.

These finding are the typical evidence or signature of very young
stellar population (or nuclear starburst), probably in a dusty starburst
shell or ring/toroid. More specifically: the strong narrow ‘emission
plus absorption’ in the IR Caul8500 triplet is clearly associated
with the peak of RSG activity, with age of, 8 Myr < age < 15—
20 Myr, in metal-rich stellar populations (see for details Terlevich
et al. 1991; Lipari & Terlevich 2006). This fact is an interesting
prediction of the evolutionary and composite model for QSOs/AGN
(Lipari & Terlevich 2006), which was confirmed using very deep
high-resolution GMOS 3D spectroscopy.

On the other hand, the presence of a red peak of the continuum
with narrow stellar emission plus absorption in the IR Cau triplet
lines (and thus associated with a very young stellar population)
could be explained with the presence of large amount of dust in
this type of very young starburst area, of the shell/ring (Lipari &
Terlevich 2006).
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8 MAPPING WITH GMOS-IFU THE BAL I
AND II SYSTEMS

We have already started a study of the BAL systems, in Mrk 231,
using 3D and 1D spectroscopy with moderate spatial and spectral
resolution (~1.0-1.5 arcsec and ~100 km s~!, respectively; Lipari
et al. 2005). More specifically, we have studied: (i) the Ho blue
emission bump, which is at the same OF velocity of the BAL I
systems, and probably associated with this BAL I and (ii) the light-
curve (LC) variability of the BAL III system, probably associated
with SN or HyN.

In this paper, we have continued — using GMOS — our previous
study of the BAL systems of Mrk 231, now using: the optical
absorption lines, and improving the spectral and spatial resolution.
Very deep Gemini GMOS-IFU/B600 data were obtained in the
observing run of 2005 April 30, with the best spatial resolution of
our observations (i.e. the best seeing of ~0.4-0.5 arcsec, FWHM).

8.1 Study of individual 3D GMOS-IFU spectra

First the individual 3D Gemini GMOS spectra were studied, for the
following reason: in the region of the line Na1DA5889-95 we can
see at the same time (without blending) the Na 1D BAL systems and
the broad emission line. The broad Na1D emission is originated in
an almost point like BLR, and therefore it is one of the best trace — or
the best upper limit — for the final instrumental seeing. Furthermore,
the line Na1DA5889-95 shows the strongest absorption of all the
BAL observed in Mrk 231. Thus, using very deep 3D Gemini GMOS
spectra, for the nearest BAL QSO, and for the strongest absorption
line (Na1D BAL I): the high S/N of these 3D spectra allowed a
detailed study of the extension of the BAL I system.

Fig. 10 shows a sequence of individual 3D Gemini GMOS-IFU
spectra, along the north—south direction, from the core of the nucleus
[at the position angle (PA) = 00°], with a step of 0.2 arcsec. This
figure shows at that the broad emission of NaiD reach a radius r
~0.8—1.0 arcsec (r ~ 0.7-0.8 kpc), which is in agreement with the
value derived for the GMOS-B600 seeing, of ~0.4 arcsec FWHM.
In addition, this plot clearly shows that the Na1DA5889-95 BAL
system I reach a radius r ~ 1.4-1.6 arcsec (r ~ 1.2-1.3 kpc). A
similar behaviour was found, for the Na1D BAL system I, at several
PAs including the PA in the direction of the jet (PA = —120°;
Ulvestad, Wrobel & Carilli 1999a; Ulvestad et al. 1999b). Thus,
these results suggest that the Na1D BAL system I is extended.

At the blue wavelength regions, we have verified that the BAL
system I shows the same extended nature, in the absorption lines
Can HA3969, Can KA3933 and He1A3889. In the next section a
detailed study of the maps of some of these absorption lines will be
presented.

On the other hand, all these results (about the extended nature of
the BAI I system) are in excellent agreement with those obtained
using GALFIT-3D method (see Section 5 and Figs 5b,c): the Na1D,
Can HA3969, Can KA3933, and He1A3889 BAL I are clearly ob-
served in the host galaxy; i.e. outside of the QSO/PSF spectrum.

Fig. 10 also shows the presence of narrow and weak Na 1D absorp-
tion line at the redshift of the host galaxy (i.e. at the same wavelength
position of the broad Na1D emission), at r ~ 1.2—1.4 arcsec.

In order to confirm the possible extended nature of the Na1D BAL
I system, it is important to analyse the contribution of the nuclear
core-PSF at different offset. First, an interesting and general result is
evident Figs 7 and 6: the different panels of these figures — with step
of 0.2 arcsec — show only one main component, in each emission and
absorption lines. This qualitative fact was quantitatively confirmed,
by fitting these spectra, using the software sPEcriT. More specifically,

Mrk 231 (Gemini GMOS-IFU)

Na ID
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Na D
(BAL syst. I)
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ooyl e
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Figure 10. Sequence of 3D Gemini GMOS-IFU spectra, along the north—
south direction (at PA = 00°) showing the extended nature of the
Na1DA5889-95 BAL system I. The scales of flux are given in units of
(ergcm™2 57! A-D).

we found that just one main component is required for the fit of each
line in these spectra. These results are presented in Tables 12-15.
Thus, this fact suggests that the contributions of the nuclear PSE,
even at 0.2 and 0.4 arcsec are not too strong.

In addition, in Section 5 the PSF was carefully obtained from
the core of the nucleus of Mrk 231 using the Ho and HB broad
and strong emission lines. Using this PSF the contributions of the
nuclear core-PSF at offset of 0.2, 0.4, 0.6 and 0.8 arcsec (from the
core) were measured. We found that these contributions —at 0.2, 0.4,
0.6 and 0.8 arcsec — are 50, 10.4, 3.2 and 0.9 per cent (respectively),
of the peak of the core. These values were derived using the PSF
obtained for the GMOS-IFU B600 data (i.e. for the observation
obtained with the best seeing of our Gemini GMOS data). Therefore,
from these results it is important to remark two facts: (i) mainly the
contribution of the PSF at offset of 0.2 arcsec is important; and thus
at this offset we need to consider the contribution of the core-PSF
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(if it is required); (ii) an empirical limit for the extension of the
wing of the nuclear core-PSF is » ~ 0.8—1.0 arcsec. This limit is the
same that we found from the study — in Fig. 10 — of the extension
of the broad emission of the NaiD line.

All these Gemini GMOS-IFU results suggest that the BAL
system I — in Mrk 231 — is extended, reaching a radius r ~ 1.2—
1.3 kpc, which is in excellent agreement with previous studies
of BAL QSOs, performed by de Kool et al. (2001, 2002), using
Kech high-resolution spectroscopic data. They found that the BAL
forming regions could reach radius of » ~ 1.4 kpc. See for details
Section 13.2.1.

8.2 GMOS-IFU absorption maps for the BAL I and II systems

Figs 11(a), (b), (c), (d), (e) and (f) show the GMOS maps and
contours for the absorption of the BAL I and II systems. These
maps were constructed with the technique described in Section 3:
i.e. we have measured for the BAL I and II systems the absorptions at
each spectra, then with a table of absorption fluxes and the positions
(of each spectra) these data were converted to FITS maps using the
software DA (see for details and references Section 3).

It is important to note that first we fit the absorption — in each
spectra — using the main component. We have verified that this way
is a simple and efficient way to detect small elongation. Since the
study of absorption with multiple component, could include some
problems (e.g. the selection of the number of components, etc.);
which could be even more important than the very weak elongation
(that we are searching).

In particular, these figures present the following interesting
results.

(i) Figs 11(a) and (b) depict the map for the BAL I at the line
Can KA3933. These two plots clearly show (specially the contour
map) that the absorption of the BAL 1 system is elongate at the PA
close to the radio jet direction (at PA ~ —120°).

(i1) Figs 11(c) and (d) show the map for the BAL II at the line
NaiD. Again, these two plots clearly depict that the absorption of the
BAL II system is elongate at the PA close to the radio jet direction
(at PA ~ —120°).

(iii) Figs 11(e) and (f) depict the map for the BAL I at the line
NaiD. In this case is evident that the fit (of the absorption lines)
with only one component did not allow us to detect any elongation.
The main reason for this fact is that the GMOS B600 and R831
spectra of this ‘very strong’ BAL I system (at Na1D), required for
the fit more than one component. However, we already noted that
the use of multiple components for the fit of this absorption present
several problems, since the small elongation (that we are searching)
could be masked by the errors in the technique of deblending.

A quantitative study of the elongation of the BAL I and II systems
were performed using the software task ELLIPSES (from sTsDas,
and developed by Dr Ivo Busko and kindly provided to us). This
task allows us to fit ellipses to the BAL I and II absorption maps
[original FITS files — obtained using the software task DA — from
which we derived Figs 11(a) and (c), respectively]. For the BAL
I system, in the range of radius 0.35 < r < 0.8 arcsec (from the
nucleus), we found a very clear ellipticity, with a mean value of
bla = (0.75 £ 0.1) at PA = —128°. Similar results were detected
for the BAL II system, in the range of 0.4 < r < 0.70arcsec
we found a mean value of ellipticity b/la = (0.80 = 0.1) at
PA = —124°.

These results were also confirmed using a second method: fitting
graphically ellipses to the contours (of the BAL I and II systems) in

plots of high resolution. We found similar values to those obtained
previously with the software ELLIPSES (for the BAL I and II).

Therefore, in general the results obtained in this section are in
excellent agreement with the previous study of He emission (using
3D spectra with moderate spatial resolution; Lipari et al. 2005),
where we found an OF emission bump, with a peak at the same
velocity of the BAL system I (—4700 km s~!). This Ha emission
bump was detected in the nucleus and at 0.6—1.5 arcsec (from the
nucleus) in the direction of the radio jet (at PA = —120° and 60°,
see their table 4). Thus, these results are consistent with the fact that
the blue Ha bump and the BAL I system could be associated with
OF clouds of the small-scale jet. A detailed discussion of this point
will be presented in Section 13.2.

8.3 Study of the BAL systems with GMOS high spectral
resolution

Fig. 12(a) shows the BAL I and II systems in the strong line Na 1D,
for the best spectral resolution of GMOS-IFU: 40 km s~! (using
the grating R831). From this plot, we found interesting results.

(i) The BAL systems I and II do not show strong/clear variability
in the last three decades, since all the spectra obtained with simi-
lar high resolution (e.g. Rudy, Foltz & Stocke 1985; Kollatschny,
Dietrich & Hagen 1992; Forster, Rich & McCarthy 1995; Rupke,
Veilleux & Sanders 2002) are very similar to that presented in
Fig. 12(a).

(i) The BAL I system shows clearly the presence of multi-
absorption components. Previously, Forster et al. (1995) suggested
that the fit of the strong Na1D absorption line require at least nine
components, for the study of this BAL I system. Rupke et al. (2002,
their fig. 11) plot a fit of the BAL system I — at the Na 1D absorption
line — using 12 components.

It is important to note that all these previous work fit with only
one component the NaiD BAL II system. This point is important
in order to confirm the result obtained in the Section 8.2, since we
detected the weak elongation in the maps of the BAL systems, only
when we fit the absorptions with only one component (i.e. when we
avoid the problem of fitting the absorption line with a large number
of components).

8.4 Deep GMOS-IFU observation of the Na 1D BAL III
systems: confirming the exponential variability/fall

The variability of the short-lived BAL III Na1D system was previ-
ously studied (by Lipari et al. 2005). We found that the BAL III LC
is clearly asymmetric with a steep increase, a clear maximum and
an exponential fall (similar to the shape of an SN LC). An impor-
tant point — in this paper — is to confirm the exponential fall of this
BAL III system, using very deep GMOS data. An important point,
supporting the explosive scenario for Mrk 231, is the exponential
fall in the BAL III LC.

The optical Na1D BAL systems of Mrk 231 was observed using
three different GMOS grating configuration (see for details Table 1).
Only with very deep GMOS spectra and using the grating B600
(with good transmission and spectral resolution, at the region of
the Na1D BALs) we detected this very weak BAL III system: in
2005 April.

Fig. 12(b) depicts this weak Na 1D BAL III system. In order to
confirm the behaviour of the variability of this absorption system,
we have measured the EQW ratio of BAL III/(BAL I + II). For this
ratio a value of 0.007 was obtained, for 2005 April 30. This new
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Figure 11. GMOS maps and contours of the absorption (EqW: A) BALSs systems. For the panels b, d and f, the contours — of absorptions — start from —1 to
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Figure 12. NaiD BAL I, II and III systems: (a) high-resolution (R831)
spectrum of the BAL I and II systems; (b) medium resolution (B600) spec-
trum of the weak BAL III system; (c) LC variability of the NaiD BAL III
system (for the fall, between 1988 and 2005). The errors (o) in the BAL I1I
Flux Ratios are in the range [0.001, 0.010] (see for details — of the errors —
Kollatschny et al. (1992).

result was combined with those obtained previously by Lipari et al.
(2005; their table 5) in Fig. 12(c). This plot shows the shape of the
BAL HI LC fall (including the new GMOS/2005 observation), plus
the best fit. Again, we obtained the best fit of the LC fall, using an
exponential function. In this figure the errors (o, in the BAL III flux
ratios) are in the range [0.001, 0.010]. For details — of the errors —
see Kollatschny et al. (1992).

Thus, this study (using deep GMOS data) expand and confirm the
previous study of variability of the Na1D BAL III system (covering
almost all the period in which this system appeared). In general, the
exponential shape of the BAL III system LC is similar to those LC
of SN flux, emission line, etc.

9 GMOS-IFU DATA OF THE NUCLEAR
EXPANDING SUPERGIANT SHELLS

Mrk 231 is probably the prototype of exploding QSOs. One of the
main evidence of this explosive process is the presence of four
nuclear expanding supergiant shells. In this paper, the main knots
of these multiple nuclear shells were analysed — for this distant
merger —using GMOS-IFU + HST data (of high spatial and spectral
resolution).

It is important to study in detail these main knots detected in the
multiple supergiant bubble with high-resolution 3D spectroscopic
data, since they are the best and bright tracers of the expanding
superbubbles.

In order to define the location of these main knots, in Fig. 13(a)
we present high-resolution HST WFPC2 broad-band images of the
nuclear region of Mrk 231; obtained in the optical wavelengths
through the filter F4A39W (~B). This HST image shows the main
concentric supergiant galactic shells. In order to depict in detail the
structure — knots — of the shells, in Fig. 13(b) we show the result
best example obtained from the subtraction of a smooth HST image
of the main body of Mrk 231 (for the filter F439W ~B).

The general properties of the three more external shells (S1, S2
and S3) were studied by Lipari et al. (2005). In this paper, we will
study in detail the main knots of these shells (S1, S2 and S3) plus
the nature of the inner shell S4 and the ring S5.

It is important to remark about the ring or shell S5 that this ring
was observed in the HST optical (I — B) colour image, as a dusty
ring (see Lipari et al. 2005: their fig. 4), which is located very close
to the nucleus, with a radius Rss = 0.3 arcsec = 0.2kpc. In this
paper (Sections 6, 7 and 13.1) we are presenting interesting results
about this ring S5.

9.1 GMOS-IFU maps and cubes of nuclear region

Figs 14(a), (b), (c), (d), (e) and (f) show the red, green continuum
and the Ha, HB, [Om]A5007 and [Su]A6717431 emission-line
images, obtained from the GMOS cubes. These figures show strong
continuum (adjacent to Ho and HB, respectively) and emission line,
associated with the nucleus and the more external superbubble/arc
S1.

From these GMOS images, we remark the following new inter-
esting feature.

(1) The Ho, HB and [SuJAA6717 + 31 emission images of the
nucleus clearly show an asymmetry or elongation to the east and at
~1 arcsec, from the core of the nucleus. The spectra in this region
—call by us E1 — show Hn region ELRs (see for detail Section 10).
Furthermore, this region E1 is located very close to the position of
the knot K3 (which is the main knot of the shell S3). This knot K3
also shows H region ELR.

(ii) The external shell S1 shows a large and strong complex or
association of several knots. This complex is located at 3.3 arcsec
(3 kpc) to the south-west (of the nucleus) and the main members of
this association are: the blue knots K11 and K12 and the red one
K14 (see Figs 14 and 13).

(iii) The [O m]A5007 emission-line image shows a strong emis-
sion, located very close to the knot K14 (at the north-west border
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Figure 13. HST-WFPC2 F439W B image (a) and residuals image (b) of
Mrk 231 are depicted, which shows the main shells and their knots (see the
text). These images were adapted from Lipari et al. (2005).

of the strong complex of Hn regions, in S1). Specifically, the po-
sition of the strong [O mi] emission is —within the errors — almost
coincident with the position of this knot K14. The study of the
individual 3D spectra in this region shows that all the main knots
(in this complex) have strong and multiple blue shifted components,
in the [O m]A5007 emission line.

Thus, this region will be associated with a strong source of OF, at
the border of the superbubble S1. This OF process will be studied
using the kinematics maps (combining the Gemini + GMOS and
La Palma WHT + integral 3D spectroscopy data).

9.2 GMOS-IFU spectra of the knots in the expanding
supergiant shells (of Mrk 231)

Table 2 and Fig. 13 present the location and properties of the strong
knots, which are located in the more external supergiant shells S1,
S2 and S3 (we used for these knots the same notation suggested by
Surace et al. 1998). In addition, these knots are labelled in Figs 13(a)
and (b). Surace et al. (1998) already studied in detail these knots
using HST photometry, in the B and [ bands. It is interesting to
note that recently we started a detailed photometric study of all the
HST broad-band images available: U, B,I and H (Lipari et al., in
preparation). The main results of this last study is consistent with
those obtained by Surace et al. (1998). In this section, we will study
— for these and new knots — their GMOS spectra, and their relation
with the OF process in the four shells.

Using the GMOS 3D spectra and maps (with a spatial resolution
of ~0.4-0.5 arcsec, for the observing run of 2005 April 30), we
performed a detailed study of the morphological, kinematics and
physical conditions of the main knots, of the multiple expanding
bubbles. Fig. 15 depicts examples of the red 3D spectra of these
main knots or Hu regions/complex. Tables 3—11 show the values
of the fluxes and FWHM of the emission lines and their ratios, for
knots in the bubbles.

In order to study the GMOS spectra of the main knots of the
supergiant expanding bubbles we used the following technique: (i)
first the main knots of the four more external supergiant bubbles
were selected, from the high spatial resolution HST WFPC2 and
ACS images; (ii) then, using the HST position (A« and A, offset
from the core of the nucleus) of the main knots, we selected the
nearest GMOS individual spectrum. Therefore, there are some dif-
ferences between the offset obtained by Surace et al. (1998, using
the peaks of the HST WFPC2 B and I images) and those presented
in Tables 5-7. Our offsets were derived from the nearest GMOS
spectra (of the corresponding knot peaks). On the other hand, we
have verified also that the nearest spectrum — corresponding to each
knot — shows the strongest value of continuum and line emission.

In addition, it is interesting to note that only in the very deep
GMOS 3D data (with 1 h of exposure time, see Table 1) the spectra
depict very high quality, with S/N > 5 in the weak OF components
of the host galaxy. These deep GMOS spectra are required in order
to study the weak knots of the more internal supergiant bubbles
(82, S3, S4 and S5). Only in the south-west circumnuclar areas, the
OF components show strong values of flux in the emission lines.

It is also important to remark that in particular in the shell S2, S3
and S4 we have studied several new and interesting knots, which
were included in the tables of fluxes, with the corresponding offset
—right ascension (RA) and declination (Dec.) of the nearest GMOS
spectra — from the core of the nucleus.

From this detailed study of the main knots of the four supergiant
bubbles of Mrk 231 (see Tables 3—-11), we remark the following
main results.

(i) General results

The four external supergiant bubbles show — in ~75 per cent of
their extension — low-velocity OF velocities of AV ~ [—150, —250]
kms~!, with ELRs typical of shocks with low velocities (Heckman,
Armus & Miley 1990; Dopita & Southerland 1995).

However, for the south-west region (in these four bubbles, with
knots located at almost all the PAs) a clear blueshifted emission
was detected, in the main and the OF components. With high
value of OF, of AV = OF-EB2* = V(OF-EB2*) — V(MC-EMI*) ~
—400 km s~
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Figure 14. Gemini + GMOS mosaic maps (3.5 x 9arcsec?) of the continuum (a and b) and the narrow band of the redshifted Ho, HB, [0 m]A5007 and
[SuJA67164-31 (c, d, e and f) showing the main knots in the shell S1 (see the text). The nucleus (in each GMOS mosaic maps) is positioned at ~Aa = 0 arcsec,
and ~A§ = 42 arcsec. For the scales of fluxes of the main structures, see the scales of their GMOS spectra (Figs 6, 7, 15 and 16).

(i) Supergiant bubble/shell S1

For the main knots of this bubble we remark the following
results.

(1) Knot 14: Only in the knot K14-East and K14-West we de-
tected a very strong OF emission-line component, which is similar
in flux — or even stronger — that the main component (Table 4). Both
components (the OF and MC systems) show LINER properties as-
sociated with shocks.

(2) In the three main knots of S1 (K14, K12 and K11) we found
high values of OF velocities, with AV ~ —400 km s1.

(3) At the strong knot K14, clear WR features were detected.
Specially, in the east border of this knot K14 (KI14-E, see
Table 4).

(4) The other knots depict LINER properties. In addition, the
knot K7 shows composite values of ELRs: between LINER and H 1t
regions.
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Figure 14 — continued.

Table 2. Main properties of the circumnuclear knots, associated with the
supershells (in Mrk 231).

Knots? Al A8  Bpazow® Ipgiaw® B —1 Reg® Shells
(arcsec) (arcsec)  (mag) (mag) (pc)
1 1.10 1.68 2223 21.12 1.1 66 Sl
2 —1.52 —-0.90 23.27 20.86 2.4 <20 S2
3 1.10 —-0.16  22.38 2086 1.5 62 S3
4 2.12 —1.45 2398 22,60 14 42 S1
5 1.70 —-297 2131 20.50 0.8 <20 S1
6 1.56 —2.74 2297 2228 0.7 71 S1
7 1.01 -3.70  22.69 2147 1.2 38 Sl1
11 —0.46 —-3.66 21.17 20.66 0.5 136 Sl
12 —0.69 —3.61 21.46 20.70 0.8 31 SI
14 —1.20 -3.15 21.79 2033 14 40 S1
29 —2.30 1.82  23.26 21.06 2.2 46 Sl

“From Surace et al. (1998).> The offset positions of the knots [Aa (RA),
AS (Dec.)] are given from the nucleus position (as 0,0). Surace et al. (1998)
state that the colours are accurate to 0.2-03 mag; and the Ref might be
overestimate, but not by more than 40 per cent.

(iii) Supergiant bubble/shell S2

For the knots of this shell S2 the following main results were
found.

(1) The main/strong knots (of this shell) are all located in the
south-west region (knots S2a, S2b, S2c and S2d) with typical ELRs
of LINER, associated with shocks of low velocity.

(2) The knots S2f and S2g show composite values of ELRs,
which are between LINER and H 11 regions.

(iv) Supergiant bubble/shell S3

For the main knots of this shell S3 we found the following main
results.

(1) The Knot S3a (also called K3, by Surace et al. 1998 and
Table 2) shows values of ELRs clearly consistent with Hn regions.

This result is in good agreement with that obtained for the near area
E1, which also shows Hu region ELRs.

(2) The other knots (of this shell) show LINER properties, or
composite values of LINERS and H 11 regions.

(v) Supergiant bubble/shell S4

For the main knots of the shell S4, very interesting results were
found. In particular, we remark the following.

(1) This internal shell show in all the knot two similar emission
line systems with strong [S1]A6717/31 and [O1]A6300. These are
typical feature associated with shocks of low velocities in a dense
medium [similar to those observed in the OF of supernova remnant
(SNR) and Herving—Haro objects; Heckman et al. 1990; Shull &
McKee 1979; Canto 1984; Binette, Dopita & Tuohy 1985].

(2) In addition, we have measured for these two emission-line
systems an OF with AV ~ —200 km s~', which is consistent with
the presence of low-velocity shocks and the strong [S1] and [O1]
emission.

In the next sections, the main physical and kinematics proper-
ties of the main knots/complexes of H1 regions in the supergiant
bubbles will be analysed (using individual 3D GMOS spectra and
maps). Thus, interesting properties of these knots will be analysed
in Sections 10 and 11. In particular, a detailed study of the ELRs
of all these shells and knots will be presented in Section 10 (using
emission-line maps and the main optical diagnostic diagrams of
ionization).

9.3 Wolf-Rayet features in the main complex of knots in the
external shell S1 (GMOS-IFU spectra)

An interesting result obtained from these GMOS spectra (Fig. 16
and Table 4) is the detection in the knot K14-East of clear WR
features at 14650 A. These WR features suggest the presence of a
high number of massive stars (probably in young superstar clusters),
with ages < 6-8 x 10° yr in this knot (which is associated with a
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Figure 15. Examples of Gemini + GMOS 3D spectra in the main knots
of the four external supergiant shells of Mrk 231 (showing several OF
components). The scales of flux are given in units of (erg cm=2 s~! A=! x
10716). The tick marks show the positions of the peaks of different emission-
line components (in panel 15b the upper tick marks show OF components).
See the text (Section 3.4) for details of the main components (MC) and OF;
of the emission and/or absorption lines (EMI, ABS).

complex of Hiregions: K11 4 K12 4 K14). In the next subsection,
we present evidence that this complex of H 1 regions is probably a
point of rupture of the supergiant bubble S1.

It is interesting to remark that the [N1]A5199 emission line was
also found in this knot K14-East (where we detected the WR
bump). A similar behaviour (i.e. strong WR and [N 1] emission) was
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Figure 15 — continued.

observed in the spectra of the prototype WR galaxy NGC 6754
(Osterbrock & Cohen 1982).

For a ‘total’ WRA4650 flux of Fyr =0.39 x 107! erg cm™2 57!
was measured; and the corresponding luminosity is Lwg = 1.31 x
10 erg s~!. This last value is consistent with the presence of WR
massive stars in similar young starburst knots (Lipari et al. 2003,
2004d).

Thus, for Mrk 231 we found a new example where WR stars
are associated with a main complex of Hu regions located at the
border of a supergiant bubble (S1). A similar result was found
for all the main points of rupture of the supergiant bubble of the
nearby IR merger NGC 5514 (see Lipari et al. 2004d and the next
subsection).

9.4 The OF in the strong complex of H I regions in the
external shell S1

Hereafter, we call ‘Aconcagua’ at this interesting complex of Hu
regions, located at the south-west border of the supergiant shell S1
and associated with the strong knots K11, K12 and K14. In our pre-
vious 3D kinematics study of Mrk 231 (based on La Palma WHT
+ integral spectroscopy for the central region 16.4 x 12.3 arcsec?
~13 x 10kpc) we found some evidence that this area could be
associated to a main point of rupture of the supergiant shell/bubble
S1. In particular, the He isovelocity colour map for the main com-
ponent of the emission line (see Fig. 17, adapted from Lipari et al.
2005: their fig. 7) shows two opposite lobes — blue and redshifted —
associated with this area, at the border of the shell S1.

In this paper, we found for this complex of H i1 region Aconcagua:
(i) multiple OF components with high value of velocities (—400 km
s™1); (ii) a strong knot of [O m]A5007 emission, which is very close
to K14; (iii) the presence of high number of massive WR stars, in
the knot K14-East.

It is important to remark, that previously we also detected the
presence of several knots with massive WR stars in the super-
giant bubble of NGC 5514 (and inside the areas of rupture of the
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Table 3. Emission lines of the main knots of the shell S1 (located outside of the south-west region).

Lines Component Fluxes®
Knot 1 Knot 4 Knot 5 Knot 6 Knot 7
N-B043+-R094 N-B022+R021 A-B043+4R058 A-B044+-R095 A-B140+R160
HpBA4861 MC-EMI (0.10) (0.08) 0.11 0.09 0.16
OF-EB1 0.01) - 0.01) 0.04 -
[Om]A5007 MC-EMI 0.05 (0.10) 0.17 0.22 0.15
OF-EBl1 0.03 - 0.03 0.08 -
[O1]A6300 MC-EMI 0.15 0.04 0.11 0.14 0.05
OF-EB1 0.02 0.03 - - -
OF-ER1 - - - 0.16 -
Ha 16563 MC-EMI 0.85 0.22 0.39 0.35 0.54
OF-EB1 0.06 0.05 0.04 0.11 0.06
OF-ER1 0.03 0.04 0.05 0.09 0.02
[Nu]r6583 MC-EMI 0.97 0.23 0.48 0.48 0.38
OF-EB1 0.09 0.15 0.05 0.12 0.08
OF-ER1 0.05 0.06 0.04 0.12 0.03
[SuJr6717 MC-EMI 0.30 0.14 0.20 0.15 0.15
OF-EB1 0.02 0.10 0.08 0.06 0.04
[Su]r6731 MC-EMI 0.28 0.11 0.15 0.10 0.13
OF-EB1 0.03 0.09 0.05 0.06 0.04
Ha/HpB MC-EMI (8.8) (2.8) 35 3.9 34
OF-EB1 (6.0 - 4.0 2.8 -
FWHM Ho (km s™1) MC-EMI 195 135 115 137 120
OF-EB1 120 130 110 135 113

“The fluxes are given in units of 1071% erg cm™=2 s~! (from GMOS/IFU-B600).
Line 2: N-Bmmm 4 Rnnn mean B600 spectrum at nucleus frame, blue mmm and red nnn number of the lenss.
Column 2: emission-line components, where MC-EMI, OF-EB1 and OF-ERI1 are the

main component at z = 0.042 50 (cz = 12750 km sy,

OF blue component 1 at z = [0.041 40, 0.042 10] (cz = 12470, 12 620 km s’l), AV = [—150t0300] km sl
OF blue component 3 at z = 0.03920 (11749 km s™!), AV = —905 km s~ !);
OF red component 1 at z =[0.04298,0.043 33] (cz = 12895, 12998 km s"), AV = [+150, +250] km s, respectively.

The values between parentheses are data with low S/N.
The errors/o in the fluxes and FWHM are less than 10 per cent.

external shell). For NGC 5514 we already proposed that a pop-
ulation of very massive stars (like WRs) could be the source of
multiple SN and HyN, and thus also the source of the rupture of the
bubble.

In Sections 12 and 10 we will present more detailed evidence
that Aconcagua (K14 + K12 + K11) is probably associated with
the areas of ejection of the ionized gas and a main point of rupture
of the more external supergiant bubble S1.

The properties of the four bubbles and their origin will be dis-
cussed in Section 13.3.

10 MAPPING WITH GMOS-IFU THE ELRs
AND THE IONIZATION STRUCTURE

Using high spatial and spectral resolution GMOS-IFU data (which
cover the main structures of the nuclear region and the supergiant
bubbles) we have studied in detail the ionization and the physical
conditions in the four supergiant shells; and also in the nuclear NLR.
To study the NLR in Mrk 231 is important since the absence/weak
standard NLR in Fen + IR + BAL QSOs is well known (see for

details Lipari et al. 1994; Turnsheck et al. 1997; Lipari & Terlevich
2006; Veron et al. 20006).

10.1 Mapping with GMOS the nuclear ionization structure

Figs 18(a) and (b) show the 3D maps (of ~3.5 x 9.0 arcsec?,
~3 x 7.3 kpc, with a spatial sampling of 0.1 arcsec) of the
ELRs [N u]A6583/He, and [Su]r6717 + 31/Ha. These maps were
constructed using the techniques described in Section 3, for the
main emission component.

Figs 18(a) and (b) show — with high spatial resolution — very
interesting features. We note the following.

(1) The [Su]r6717 + 31/Ho and [NuJA6583/Hoe maps show
arcs and knots with high values: >0.8, at the border of the more
extended superbubble or shell (S1). These arcs could be associ-
ated with shock processes at the border of the supergiant bubble
S1.

(ii) The [N u]/Ho map shows two partial arcs (with several knots),
to the north-west of the GMOS mosaic. These arcs depict white
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Table 4. Emission lines of the strong knots of the shell S1 and the region SW1 (located at the south-west region).

Lines Component Fluxes®
Knot 11 Knot 12 Knot 14W Knot 14E Region SW1
A-B311+R342 A-B3414+R392 A-B408+R445 A-B359+R407 A-B480+R482

WR bump2r4650 MC-EMI* - - (0.19) 0.32 -

HpBA4861 MC-EMI* 0.10 0.07 0.09 0.11 0.06
OF-EB2* - - 0.05 0.06 -
OF-EB3* - - - - (0.07)
OF-ER1* - 0.11 - 0.07 -

[O m]A5007 MC-EMI* 0.15 0.24 0.58 0.42 0.18
OF-EB2* 0.08 0.06 0.08 0.07 -
OF-EB3* - - - - 0.40
OF-ER1* 0.10 0.10 - 0.08 -

[N1]A5198 MC-EMI* - - - 0.11) -

[O1]A6300 MC-EMI* 0.06 0.02 0.03 0.05 0.03
OF-EB2* - - 0.04 0.03 -
OF-EB3* - - - - 0.03
OF-ER1* 0.04 0.03 0.04 0.03 -

HaA6563 MC-EMI* 0.66 0.49 0.23 0.40 0.17
OF-EB2* 0.09 0.12 0.37 0.35 -
OF-EB3* - - - - 0.13
OF-ER1* 0.01 0.03 0.07 0.08 -

[Nu]r6583 MC-EMI* 0.43 0.33 0.29 0.48 0.20
OF-EB2* 0.17 0.12 0.25 0.28 -
OF-EB3* - - - - 0.14
OF-ER1* 0.12 0.10 0.06 0.05 -

[Sulr6717 MC-EMI* 0.18 0.20 0.24 0.23 0.13
OF-EB2* 0.03 - 0.15) 0.06 -
OF-EB3* - - - - 0.12

[Sm]r6731 MC-EMI* 0.15 0.18 0.18 0.14 0.11
OF-EB2* - - (0.15) 0.06 -
OF-EB3* - - - - 0.11

Ha/Hp MC-EMI* 6.6 7.0 2.7 3.6 2.8
OF-EB2* - - 7.4 5.8 -
OF-EB3* - - - - (2.0)

FWHM Ha (km s~1) MC-EMI* 150 140 120 165 198
OF-EB2* 115 149 125 115 -
OF-EB3* - - - - 165

The fluxes are given in units of 1076 erg cm™2 s~! (from GMOS/IFU-B600).

Line 2: N-Bmmm + Rnnn mean B600 spectrum at nucleus frame, blue mmm and red nnn number of the lenss.

Column 2: emission-line components, where MC-EMI*, OF-EB2*, OF-EB3*, OF-ER1* are the

main component at SW region with z = 0.04220 (cz = 12600 km s~1);

OF blue component 2 at z = 0.04080 (12240 km s™!), AV = —400 km s~1);

OF blue component 3 at z = 0.03920 (11749 km s~!), AV = —905 km s~ !);

OF red component 1 at south-west region, at z ~ 0.042 80 (cz = 12 840 km s’l), AV ~ 4200 km s~!.

The values between parentheses are data with low S/N.

The errors/o in the fluxes and FWHM are less than 10 per cent.

colour, in Fig. 18(a), which are probably associated with shocks in shells, the [Su] 16717 + 31/Ha and [Nu]r6583/Ha ELR maps

the north-west part of the S2 and S3 supergiant bubbles. show high values: >0.5.
(iii) The [Su] A6717 4 31/Ha map depicts a structure with cir-
cular shape (like half of a bubble), with centre in the nucleus and

at r = ~1 arcsec. This structure is located to the east of the GMOS 10.2 GMOS ELR diagrams in the supergiant bubbles

mosaic and depicts white colour, in Fig. 18(b), which is probably and the NLR

associated with shocks in the S3 superbubble. Using the individual spectrum of this GMOS data, an interesting
(iv) For the circumnuclear area where we measured the narrow study was performed of the ionizing source at supergiant bubbles,

emission-line components: specially in the region of the supergiant and the NLR.
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Table 5. Emission lines of the main knots of the shells S2 (located to the south-west region, of the nucleus).

Lines Component Fluxes®
Knot S2a Knot S2b Knot S2¢ Knot S2d Knot S2e Knot S2f Knot S2¢g
N-B419+R434 N-B382+R418 N-B331+R369 N-B380+R320 N-B1224+R131 N-B039+R090 N-B159+R208
[1.4 arcsec west, [1.2arcsec west, [0.9arcsec west, [0.5arcsec west, [0.7arcsec east, [1.0arcsec east, [0.2arcsec east,
0.8 arcsec south] 0.9 arcsec south] 1.1 arcsec south] 1.3 arcsec south] 1.4arcsec south] 0.4 arcsec north] 1.1 arcsec north]
Hp14861 MC-EMI - - - - 0.07 0.21 0.41
MC-EMI* 0.07 0.09 0.08 0.11 - - -
OF-EB2* 0.04 - - - - - -
[Om]A5007 MC-EMI - - - - 0.20 0.20 0.40
MC-EMI* 0.18 0.18 0.08 0.11 - - -
OF-EB2* 0.14 - - - - - -
[01]A6300 MC-EMI - - - - 0.05 0.11 0.11
MC-EMI* 0.12 0.10 0.14 0.05 - - -
OF-EB2* 0.03 0.05 0.02 0.02 - - -
Ha16563 MC-EMI - - - - 0.21 1.66 1.70
MC-EMI* 0.30 0.36 0.45 0.40 - - -
OF-EB1 - - - - - - 0.10
OF-EB2* 0.10 0.13 0.07 0.07 - - -
OF-ER1* 0.02 0.02 0.11 0.04 - - -
[NuJA6583 MC-EMI - - - - 0.41 1.22 1.27
MC-EMI* 0.40 0.45 0.44 0.44 - - -
OF-EB1 - - - - 0.06 - 0.07
OF-EB2* 0.10 0.15 0.06 0.11 - - -
OF-ER1* 0.04 0.02 0.05 0.06 - - -
[Su]a6717  MC-EMI - - - - 0.18 0.40 0.70
MC-EMI* 0.22 0.23 0.10 0.13 - - -
OF-EB1 - - - - - - 0.20
OF-EB2* 0.02 0.04 0.04 0.06 - - -
OF-ER1* - - 0.04 0.02 - - -
[Su]a6731 MC-EMI - - - - 0.10 0.34 0.60
MC-EMI* 0.16 0.24 0.17 0.12 - - -
OF-EB1 - - - - - - 0.16
OF-EB2* 0.03 0.06 0.04 0.01 - - -
OF-ER1* - - 0.06 0.01 - - -
Ha/HB MC-EMI - - - - 3.0 7.9 4.2
MC-EMI* 43 8.0 5.6 3.6 - - -
OF-EB1 - - - - - - -
OF-EB2* 2.5 - - - - - -
FWHM MC-EMI - - - - 130 135 185
Ha MC-EMI* 120 150 215 220 - - -
OF-EB1 - - - - - - -
OF-EB2* 120 165 150 170 - - -

The fluxes are given in units of 1071¢ erg cm=2 s~! (from GMOS/IFU-B600 spectroscopy).

Column 2: emission-line components, as in Table 4.

Line 4: the RA and Dec. offset (from the core of the nucleus, as 0,0) for each GMOS spectrum, in each knot.

The values between parentheses are data with low S/N.
The FWHM unit is km s =1
The errors/o in the fluxes and FWHM are less than 10 per cent.

The log [S u]/Ha versus log [O1]/Ha emission-line diagram was
used. Since, this diagram is an important tools for the study of OF
process and shocks, in dense medium (see Shull & McKee 1979;
Canto 1984; Binette et al. 1985; Heckman et al. 1990; Dopita 1995;
Lipari et al. 2004a, 2004b,c, 2005).

Again, it is important to remark that only in the very deep GMOS
3D data (with 1 h of exposure time, see Table 1) the spectra show

very high quality: S/N > 5, in the weak narrow emission lines
of the host galaxy, which is required in order to study the NLR
and the OF process in the nuclear and circumnuclear regions (us-
ing individual GMOS spectra; which were obtained with lens of
0.2 arcsec).

Fig. 19(a) shows this log [S u]/Ha versus log [O1]/Ha diagram
for the four more external supergiant bubbles. In Fig. 19(a), the
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Table 6. Emission lines of the main knots of the shells S3 and region E1.
Lines Component Fluxes®
Knot S3a Knot S3b Knot S3c Knot S3d Knot S3e Knot S3f Region E1
N-B085+R115 N-B118+R135 N-B169+R184 N-B318+R335 N-B317+R336 N-B113+R140 N-B065+R088
[0.9 arcsec east  [0.7 arcsec east  [0.4 arcsec east [0.7 arcsec west  [0.7 arcsec west  [0.7 arcsec east  [1.0 arcsec east
0.3 arcsec south] 0.6arcsec south] 0.8 arcsec south] 0.6 arcsec south] 0.4 arcsec south] 0.4 arcsec north] 0.0 arcsec north]
HpB14861 MC-EMI 0.51 0.20 0.09 - - 0.20 0.73
MC-EMI* - - - 0.08 0.12 - -
OF-EB1 - - - - - 0.09 0.10
OF-EB2* - - - 0.06 - - -
[Om]A5007 MC-EMI 0.25 0.10 0.10 - - 0.10 0.39
MC-EMTI* - - - 0.08 0.13 - -
OF-EB1 - - - - - 0.07 0.09
OF-EB2* - - - 0.07 - - -
[01]A6300 MC-EMI 0.07 0.08 0.16 - - 0.18 0.13
MC-EMI* - - - 0.20 0.15 - -
OF-EB1 0.07 0.06 0.05 - - - 0.02
OF-EB2* - - - 0.19 0.26 - -
HaA6563 MC-EMI 4.50 1.04 0.80 - - 1.26 6.93
MC-EMI* - - - 0.55 0.83 - -
OF-EB1 - 0.35 0.30 - - - -
OF-EB2* - - - - - - -
[Nu]Jr6583 MC-EMI 2.70 0.68 0.68 - - 1.17 4.42
MC-EMTI* - - - 0.20 0.31 - -
OF-EB1 - 0.11 0.10 - - - -
OF-EB2* - - - - - - -
[Su]r6717 MC-EMI 0.47 0.21 0.20 - - 0.42 0.60
MC-EMTI* - - - 0.24 0.22 - -
OF-EB1 - 0.06 0.07 - - - -
OF-EB2* - - - - 0.21 - -
OF-ER1 - - 0.04 - - - -
[Su]a6731 MC-EMI 0.47 0.20 0.15 - - 0.35 0.59
MC-EMTI* - - - 0.20 0.18 - -
OF-EB1 - 0.03 0.04 - - - -
OF-EB2* - - - - 0.11 - -
OF-ER1 - - 0.05 - - - -
Ha/HB MC-EMI 8.8 5.2 8.8 - - 6.3 9.4
MC-EMI* - - - 6.9 6.8 - -
OF-EB1 - - - - - - -
OF-EB2* - - - - - - -
FWHM MC-EMI 113 105 166 - - 150 120
Ha MC-EMI* - - - 115 128 - -
OF-EB1 - 180 183 - - - -
OF-EB2* - - - - - - -

9The fluxes are given in units of 107'% erg cm=2 s~! (from GMOS/IFU-B600 spectroscopy).

Column 2: emission-line components, as in Tables 3 and 4.

Line 4: the RA and Dec. offset (from the core of the nucleus, as 0,0) for each GMOS spectrum, in each knot.

The values between parentheses are data with low S/N.
The errors/o in the fluxes and FWHM are less than 10 per cent.

values of ELRs (of the bubbles) were obtained from Tables 8—11. It
is interesting to remark the following main points.

(1) Almost all the knots of the four external supergiant bubble are
located in the area of SNR 4+ HH (i.e. the shocks area), or in the
transition/composite region between SNR + HH and H 1 regions.
Thus in these knots and shells the OF process plays a main role.

(ii) Only the knot S3a (K3 in Table 2 and Surace et al. 1998)
depicts ELRs typical of H 1 region.

(iii) In the more internal supergiant bubble S4, the ELR of all
the knots show a position close to the upper right-hand part of

this diagram (specially the knots located at the south-west area).
This fact is consistent with the presence of strong [S1] and [O1]
emission; and thus it is also consistent with shocks process of low
velocities: of ~200 km s~! (see Shull & McKee 1979; Shull 1980;
Binette et al. 1985; Heckman et al. 1990; Dopita & Southerland
1995).

It is important to study in detail also the narrow line emis-
sion in the core of the nucleus, and the nuclear/circumnuclear
regions. Tables 12-17 show the fluxes and ELR for the core
of the nucleus and for the nuclear area (for r < 2.0arcsec) at
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Table 7. Emission lines of the main knots of the shell S4.

Lines Component Fluxes”
Knot S4a Knot S4b Knot S4c Knot S4d Knot S4e Knot S4f
B163+R190 B188+R212 B267+R286 B288+R313 B285+R315 B167+R186
[0.4 arcsec east, [0.2 arcsec east, [0.4 arcsec west,  [0.5 arcsec west,  [0.5 arcsec west, [0.4 arcsec east,
0.4 arcsec north] 0.3 arcsec north] 0.4 arcsec south] 0.1 arcsec north] 0.3 arcsec south] 0.4 arcsec south]
HBA4861 MC-EMI 0.16 0.30 0.08 0.11 - 0.13
MC-EMTI* - - - - 0.11 -
OF-EB1 - - 0.07 0.08 - -
OF-EB2* - - - - 0.09 -
[0 m]A5007 MC-EMI 0.09 0.17 0.19 0.15 - 0.20
MC-EMTI* - - - - 0.14 -
OF-EB1 - - 0.12 0.06 - -
OF-EB2* - - - - 0.11 -
[O1]16300 MC-EMI 0.33 0.43 0.29 0.20 - 0.23
MC-EMTI* - - - - 0.50 -
OF-EBI 0.06 - 0.30 0.31 - -
OF-EB2* - - - - 0.55 -
Ha16563 MC-EMI 0.90 1.05 0.98 0.63 - 0.36
MC-EMTI* - - - - 0.48 -
OF-EBI1 - - - - - -
OF-EB2* - - - - - -
[N nJA6583 MC-EMI 0.25 0.45 (0.40) =) - 0.15
MC-EMTI* - - - - -) -
OF-EBI1 - - - - - -
OF-EB2* - - - - - -
[Su]A6717 MC-EMI 0.31 0.45 0.50 0.47 - 0.56
MC-EMTI* - - - - 0.33 -
OF-EBI 0.22 0.37 0.40 0.48 - 0.42
OF-EB2* - - - - 0.60 -
[Su]A6731 MC-EMI 0.35 0.48 0.53 0.45 - 0.48
MC-EMTI* - - - - 0.45 -
OF-EB1 0.20 0.29 0.45 0.40 - 0.40
OF-EB2* - - - - 0.68 -
Ho/HB MC-EMI 5.6 3.5 8.9 5.7 - 2.8
MC-EMI* - - - - 44 -
FWHM He (kms™')  MC-EMI 150 95 98 78 - 85
MC-EMTI* - - - - 80 -

The fluxes are given in units of 1071¢ erg cm=2 s~! (from GMOS/IFU-B600 spectroscopy).

Column 2: emission-line components, as in Table 3 and 4.

Line 4: the RA and Dec. offset (from the core of the nucleus, as 0,0) for each GMOS spectrum, in each knot.

The values between parentheses are data with low S/N.
The errors/o in the fluxes and FWHM are less than 10 per cent.

PA = 00°. At this PA — to the south — the OF process is collimate
and very strong, at large and low galactic scales (see for details
Lipari 1994; Lipari et al. 2005). Fig. 19(b) shows the log [S n]/Ha
versus log [O1]/Ha diagram for the core of the nucleus and the
nuclear region at PA = 00° (the values of these ELRs were obtained
from Tables 16 and 17). From this plot and tables, it is interesting
to remark the following points.

(i) In the regions close to the core of the nucleus (for r <
0.7 arcsec ~ 0.6 kpc), we detected similar properties to those ob-
served in the more internal superbubble S4: i.e. two similar narrow
emission-line systems, with strong [S 11] and [O 1] emission and AV
~ —200 km s~'. Furthermore, even at the core of the nucleus these
two emission-line systems were detected.

(ii) In the log [S u]/Ha versus log [O1]/Ha diagram the ELR of
the area close to the core of the nucleus (r < 0.7 arcsec) also shows
a position close to the upper right-hand part of this diagram. Again,
this fact is consistent with the presence of strong [S1u] and [O1]
emission; and thus it is consistent with shocks process of low ve-
locities (~200 km s~'; Heckman et al. 1990; Dopita & Southerland
1995). These results suggest that — in Mrk 231 — the NLR could be
associated — mainly — with the OF process.

(iii) The ELR of the nuclear region (at PA = 00°, and for r <
2.2 arcsec ~ 1.8 kpc) are located in the log [Su]/Ha versus log
[O1]/Ha diagram in the area of shocks: SNR 4+ HH. However, in
the south nuclear region (where we detected the blowout phase of
the bubble) the ELR are located — again — in the upper right-hand
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GEMINI 3D spectroscopy of BAL + IR + Fen QSOs 1321
Table 8. ELRs of the main knots of the shell S1 and the region SW1.
Regions Component log[O m]/HB* log[O1]/Ho* log[N n]/Ho* log[S ns]/Ho Spectral type
Knot 1
MC-EMI (—0.10) —0.75 0.06 —0.17 LINER
OF-EB1 =) —0.48 0.18 —0.08 LINER
Knot 4
MC-EMI (0.00) —0.74 0.02 0.06 LINER
OF-EB1 - —0.22 0.48 0.58 LINER
Knot 5
MC-EMI 0.19 -0.55 0.09 —0.05 LINER
OF-EB1 =) - 0.10 0.51 LINER
Knot 6
MC-EMI 0.39 —0.40 0.14 —0.15 LINER
OF-EB1 0.30 - 0.04 0.04 LINER
Knot 7
MC-EMI —0.03 —1.03 —0.15 —0.28 LINER + Hu
OF-EB1 - - 0.13 0.13 LINER
Knot 11
MC-EMI* 0.18 —1.04 —0.19 —0.30 LINER
OF-EB2* - - 0.28 - -
Knot 12
MC-EMI* 0.53 —1.39 —0.17 —0.11 LINER
OF-EB2* - - 0.00 — —
Knot 14W
MC-EMI* 0.76 —0.88 0.10 0.26 LINER
OF-EB2* 0.20 —0.97 —0.17 (—0.09) -
Knot 14E
MC-EMI* 0.58 —0.90 0.08 —0.03 LINER
OF-EB2* 0.07 —1.12 —0.10 (—0.46) -
Region SW1
MC-EMI* 0.48 —0.75 0.07 0.15 LINER
OF-EB3* 0.56 —0.52 0.15 (0.36) -

4[Om]A5007; [O1]A6300; [N 1]A6583; [S ns]AL6716+6731.
Column 2: emission-line components, as in Table 3.

Column 7: spectral type, using the diagrams log [Su]/Ho versus log [O1]/He, log [Om]/HB versus log [Sul/He, log [Om]/HpB versus log
[O1]/He (from Heckman et al. 1990: Fig. 14; Lipari et al. 2004d). The values between parentheses are data with low S/N.

The errors/o in the ELRs are less than 15 per cent.

border of this diagram, which is consistent with the presence of
strong [S 1] and [O 1] emission and shock process.

11 MAPPING WITH GMOS-IFU THE
NUCLEAR/CIRCUMNUCLEAR A-TYPE
STELLAR POPULATION

Adams (1972), Adams & Weedman (1972), Boksenberg et al.
(1977) and others detected the presence of an interesting stellar
absorption-line system, in the nuclear and circumnuclear spectra of
Mrk 231. This stellar system is observed with the GMOS data as
strong absorptions in the blue Balmer H lines in Hé, Hy and Hp.

From the study of the GMOS spectra of this A-type stellar pop-
ulation, new interesting results were found.

(i) For HB a range of EQW of 7-15 A, and FWHM of 400470
km s~! were measured. These absorptions were detected at almost
all the field covered by the GMOS mosaic (the nuclear area and the
more extended bubble S1).

These values (of HB) were obtained using the wavelength win-
dows suggested by Gonzalez Delgado, Leitherer & Heckman
(1999), which allowed to compare our results with their synthetic
spectra of H Balmer and He1 absorption lines (for starbursts and
post-starburst galaxies). The errors (o) in the EQW of H is less than

1.5 A. For details of the method and errors, see Gonzalez Delgado
et al. (1999).

In addition, for the H Balmer: HB, Hy, HS, etc. the ab-
sorption spectra were analysed using — for comparison/fit —
the observational templates of stellar populations and stellar
clusters (provided by Piatti et al. 2002; Bica 1988), which
are templates spectra obtained for with different ages of the
post-starbursts and starbursts. Using the observational method,
similar result was found, to that obtained with the theoretical
method.

(i1) Using the lines HB and Hy a redshift z = 0.04255 (cz =
12765 km s~!) was measured, for this stellar absorption system,
which is very close to that obtained for the main component of the
emission line.

(iii) In addition, an interesting result was found when the position
of the strong HB absorptions were plotted: they are located close
to the external border of the two more external supergiant shells S1
and S2 (and thus with also ‘arc shape’).

Finally, a detailed study of the nuclear kinematics of this A-type
stellar population (using the Hy absorption line) was performed. In
the next section the main results of this study will be presented. In
addition, in Section 13.1, the properties of this stellar population
will be discussed.
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Table 9. ELRs of the main knots of the shell S2.

Regions Component log[Om}/HB* log[O1]/Ho* log[N u]/Ho log[S us]/Ho" Spectral type
Knot S2a
MC-EMI* 0.41 —0.40 0.13 0.10 LINER
OF-EB2* 0.37 —0.43 0.10 —0.20 LINER
Knot S2b
MC-EMI* 0.30 —0.56 0.10 0.02 LINER
OF-EB2* - —0.41 0.06 —0.11 LINER
Knot S2¢
MC-EMI* 0.43 —0.51 —0.01 —0.21 LINER
OF-EB2* - —0.54 —0.06 0.06 LINER
Knot S2d
MC-EMI* 0.00 —0.90 0.04 —0.20 LINER
OF-EB2* - —0.54 0.20 0.10 LINER
Knot S2e
MC-EMI 0.46 —0.62 0.29 0.12 LINER
OF-EB1 - - - - -
Knot S2f
MC-EMI —0.02 —1.18 —0.13 —0.35 LINER + Hn
OF-EB1 - - - - -
Knot S2¢g
MC-EMI —0.01 -1.19 —0.12 —0.11 LINER + Hn
OF-EB1 - - —0.15 - -
[0 m]A5007; [O1]A6300; [N 1]A6583; [S us]AL6716+6731.
Column 2: emission-line components, as in Table 3.
The values between parentheses are data with low S/N.
The errors/o in the ELRs are less than 15 per cent.
Table 10. ELRs of the main knots of the shell S3 and the region E1.
Regions Component log[O m]/HB* log[O1]/Ha® log[N n]/Ho" log[S us]/Ho* Spectral type
Knot S3a
MC-EMI —0.31 —1.80 —0.22 —0.68 Hu
OF-EB1 - - - - -
Knot S3b
MC-EMI —0.34 —1.11 —0.19 —0.40 LINER + Hn
OF-EB1 — —0.77 —0.50 —0.59 LINER
Knot S3c
MC-EMI 0.18 —0.70 —0.07 —0.36 LINER
OF-EB1 - —0.78 —0.48 —0.44 LINER
Knot S3d
MC-EMI* 0.00 —0.44 —0.44 —0.10 LINER
OF-EB2* 0.07 - - - -
Knot S3e
MC-EMI* 0.03 —0.74 —0.43 —0.32 LINER
OF-EB2* - - - - -
Knot S3f
MC-EMI —0.30 —0.85 —0.03 —0.21 LINER
OF-EB1 - - - - -
Region E1
MC-EMI —0.19 —-1.73 —0.19 -0.77 Hu
OF-EB1 —0.05 - - - -

[0 m]A5007; [O1]A6300; [N1u]A6583; [Sus]ArA67164+-6731; [Su]/[Su] L6716/A16731.

Column 2: emission-line components, as in Table 3.
The values between parentheses are data with low S/N.
The errors/o in the ELRs are less than 15 per cent.

12 MAPPING WITH GMOS-IFU THE
NUCLEAR/CIRCUMNUCLEAR KINEMATICS

In this paper we preset — for the first time — a study of the kinematics
of the stellar population of the nuclear region of Mrk 231 (plus
the kinematics of the ionized gas). This study was performed in

two main steps: first, the general properties of the absorption and
emission lines. Using the corresponding VF maps and individual
GMOS spectra. Then from the observed stellar VF a rotation curves
(RCs) and the nuclear mass were derived (for a radius r < 0.7 kpc).

We already presented in previous sections the Ho VF for the cen-
tral region of Mrk 231: 16.4 x 12.3 arcsec?, with a spatial sampling
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Table 11. ELRs of the main knots of the shell S4.

Regions Component log[Om]/HB* log[O1]/Ho* log[N u]/Ho* log[S us]/Ho” Spectral type
Knot S4a
MC-EMI —0.25 —0.44 —0.56 —0.13 LINER
OF-EB1 - - - - -
Knot S4b
MC-EMI —0.25 —0.39 —0.38 —0.05 LINER
OF-EB1 - - - - -
Knot S4c
MC-EMI 0.38 —0.53 (—0.39) 0.02 LINER
OF-EB1 0.23 - - - -
Knot S4d
MC-EMI 0.14 —0.50 - 0.17 LINER
OF-EB1 —0.12 - - - -
Knot S4e
MC-EMI* 0.11 0.02 - 0.21 LINER
OF-EB2* 0.09 - - - -
Knot S4f
MC-EMI* 0.19 —0.19 —0.38 0.46 LINER
OF-EB2* - - - - -

40 m]A5007; [O1]A6300; [N 1]A6583; [S is]AA6716+6731; [S u]/[S 1] A6716/A6731.

Column 2: emission-line components, as in Table 3.
The values between parentheses are data with low S/N.
The errors/c in the ELRs are less than 15 per cent.
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Figure 16. GMOS spectra showing WR feature, in the knot K14-East, at the more external shell S1 (see the text).

of 0.9 arcsec (Fig. 17; where also the area of the GMOS mosaic
is depicted). This VF was obtained by Lipari et al. (2005), from
La Palma WHT + integral. In this paper this La Palma He—VF of
Mrk 231 will be compared with the GMOS kinematics data. Fur-
thermore, this VF/figure is important for the study of the rupture
of the shell S1 (at the H u region complex: Aconcagua) and for the
extended OF process.

12.1 Mapping with GMOS-IFU the ionized gas kinematics
([0 1]A5007 and Ho)

Figs 20(a) and (b) show — for the ionized gas — the Ha and
[Om]A5007 VF maps for the nuclear and circumnuclear region
of ~3.5 x 9.0 arcsec’® (~3 x 7.3 kpc, with high spatial resolu-
tion or sampling of 0.1 arcsec). This map was constructed using

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 392, 1295-1338

Downl oaded from https://academ c. oup. com nmras/articl e-abstract/392/4/ 1295/ 964335
by Instituto Nacional de Astrofisica, Optica y Electronica user
on 06 June 2018



1324 S. Lipari et al.

5"

AS o

-5"

_5"

Hq Velocity Field

Mrk 231

¢ -256 [ ]
-Z56- -Z18
-Z689- -169
-166- -126
-127- -f7 W
-fR- -1F B
45 5
-4- 3
37 78
76- 118 B
119- 159 I
166- zee WM
281- 241 =
242- 282
2683- 323 =
> 323

Figure 17. Superposition of the WHT + INTEGRAL Hoe VF map for the ionized gas (of the central region of Mrk 231) and the HST WFPC2-I contour image.

This figure is adapted from Lipari et al. (2005).
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Figure 19. ELR diagnostic diagram (a) of the main knots of the four external supergiant bubbles (grey symbols are knots located in the south-west area);
(b) for a sequence of the GMOS spectra, for the core of the nucleus and the nuclear region (with step of 0.2 arcsec and at the PA = 00). The filled symbols
show the values for r < 0.6 arcsec. The main areas of these figures were adapted from Heckman et al. (1990; their fig. 14). The errors in the ELRs are less than

15 per cent.
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Table 12. Emission lines of the core of the nucleus and south nuclear region (at north—south direction, PA = 180°).

Lines Component Fluxes®
Nucleus—Core 0.2 arcsec south 0.4 arcsec south 0.6 arcsec south 0.8 arcsec south 1.0 arcsec south
N-B2154+R238 N-B216+R237 N-B2174+R236 N-B218+R235 N-B219+4+R234 N-B220+R233

HpBA4861 MC-EMI 0.19 0.33 0.17 (0.28) 0.11 0.08
OF-EB1 0.22 0.45 0.18 (0.19) - -
[0 m]A5007 MC-EMI 0.15 0.40 0.11 0.17 0.10 0.09
OF-EB1 0.18 0.55 0.10 &) - -
[01]1.6300 MC-EMI 0.80 0.95 0.68 0.20 0.27 0.29
OF-EBI 0.75 0.80 0.85 0.40 - -
HaA6563 MC-EMI 1.20 0.85 0.40 & 0.85 0.53
OF-EBI 1.80 0.84 0.48 0.85 - -
[N 1]1.6583 MC-EMI (0.80) & - - 0.36 0.33
OF-EB1 1.47 & - 0.37 - -
[Su]6717 MC-EMI 1.05 0.60 0.50 0.58 0.50 0.25
OF-EB1 1.14 0.66 0.45 0.46 (0.35) -
[Su]r6731 MC-EMI 1.25 0.80 0.52 0.48 0.40 0.18
OF-EB1 0.92 0.50 0.42 0.55 0.55 -
Ha/HB MC-EMI 6.3 3.0 3.1 - 7.7 6.6
FWHM He (kms~!) MC-EMI 85 80 87 95 110 155

9The fluxes are given in units of 10~1% erg cm=2 s~ (from GMOS/IFU-B600 spectroscopy).
Column 2: emission-line components, as in Table 3.

The values between parentheses are data with low S/N.

The errors/o in the fluxes and FWHM are less than 10 per cent.

Table 13. Emission lines of the core of the nucleus and south nuclear region (at PA = 180°).

Lines Component Fluxes®
1.2 arcsec south 1.4 arcsec south 1.6 arcsec south 1.8 arcsec south 2.0 arcsec south 2.2 arcsec south
N-B221+R232 N-B222+R231 N-B223+R230 N-B224+R229 N-B225+R228 N-B226+R227

HpA4861 MC-EMI 0.08 0.07 0.07 0.05 0.06 0.08
[O m]A5007 MC-EMI 0.09 0.11 0.07 0.08 0.08 0.10
[O 1116300 MC-EMI 0.25 0.15 0.16 0.12 0.13 0.12
HoA6563 MC-EMI 0.44 0.38 0.33 0.27 0.18 0.25
[Nu]r6583 MC-EMI 0.36 0.45 0.40 0.32 0.25 0.30
[Su]r6717 MC-EMI 0.30 0.20 0.22 0.19 0.13 0.15
[Su]r6731 MC-EMI 0.29 0.19 0.22 0.17 0.14 0.16
Ho/HP MC-EMI 5.5 5.4 4.7 5.4 3.0 3.1

FWHM Ha (kms™!)  MC-EMI 150 145 190 180 195 180

9The fluxes are given in units of 107'% erg cm™2 s~! (from GMOS/IFU-B600 spectroscopy).
Column 2: emission-line components, as in Table 3.

The values between parentheses are data with low S/N.

The errors/o in the fluxes and FWHM are less than 10 per cent.

the techniques described in Section 3, and for the main compo- The He and [O m]A5007 isovelocity colour maps (Figs 20(a) and
nent of the emission lines. The errors vary from approximately (b)) show some interesting new structures.

+10km s~! in the nuclear and central regions (where the emission

lines are strong), to ~20 km s~! for the weakest lines away from (1) The Ho VF in general shows redshifted velocity values in the
the nuclear areas. For the study of the kinematic errors/o, we are east area of the merger, and blueshifted values to the west. However,
using — in general — the prescriptions suggested by Keel (1996). very high blueshifted values were found in the south and south-west
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Table 14. Emission lines of the north nuclear region (at north—south direction, PA = 00°).

Lines Component Fluxes”
0.2 arcsec north 0.4 arcsec north 0.6 arcsec north 0.8 arcsec north 1.0 arcsec north
N-B214+R239 N-B213+R240 N-B212+R241 N-B211+R242 N-B210+R243
HpB14861 MC-EMI 0.15 0.12 0.13 0.08 0.13
[0 m]A5007 MC-EMI 0.13 0.11 0.08 0.05 0.11
[O1]A6300 MC-EMI 0.78 0.66 0.48 0.28 0.23
HaA6563 MC-EMI 1.70 0.95 1.15 0.55 0.80
OF-EB1 - - - 0.40 0.50
[N n]A6583 MC-EMI -) -) 0.40 0.35 0.61
OF-EBI - - - - -
[Sulr6717 MC-EMI 1.20 0.78 0.35 0.55 0.30
OF-EB1 0.98 0.93 0.34 0.11 0.20
[SuJr6731 MC-EMI 1.45 0.85 0.48 0.50 0.40
OF-EB1 0.70 0.61 0.25 0.10 0.10
Ha/HB MC-EMI 11.3 8.0 8.8 7.0 6.2
FWHM Ho (km s™!) MC-EMI 85 95 120 115 125

9The fluxes are given in units of 1071¢ erg cm™2 s~! (from GMOS/IFU-B600 spectroscopy).
Column 2: emission-line components, as in Table 3.

The values between parentheses are data with low S/N.

The errors/o in the fluxes and FWHM are less than 10 per cent.

Table 15. Emission lines of the north nuclear region (at PA = 00°).

Lines Component Fluxes”
1.2 arcsec north 1.4 arcsec north 1.6 arcsec north
N-B209+R244 N-B208+R245 N-B207+R246

1.8 arcsec north
N-B206+R247

2.0 arcsec north
N-B205+R248

2.2 arcsec north
N-B204+R249

HpA4861 MC-EMI (0.15) 0.20 0.21 0.15 -) -)

[0 m]A5007 MC-EMI (0.10) 0.22 0.16 0.12 &) )

[O1]A6300 MC-EMI 0.16 0.13 0.15 0.10 0.15 0.17
OF-EBI 0.14 0.10 - 0.07 - -

Har6563 MC-EMI 1.68 1.64 1.18 0.70 0.44 0.31
OF-EB1 - - 0.18 - - -

[Nu]r6583 MC-EMI 0.95 1.23 1.19 0.61 0.45 0.40

[SuJA6717 MC-EMI 0.26 0.33 0.44 0.33 0.18 0.20
OF-EB1 0.15 0.22 0.10 0.08 - -

[Su]r6731 MC-EMI 0.35 0.35 0.30 0.24 0.16 0.25
OF-EB1 0.10 0.10 0.07 0.10 - -

Ha/HPB MC-EMI (11.2) 8.2 5.6 4.7 - -

FWHM He (kms™!)  MC-EMI 140 160 180 195 190 185

“The fluxes are given in units of 10~'% erg cm=2 s~! (from GMOS/IFU-B600 spectroscopy).

Column 2: emission-line components, as in Table 3.

The values between parentheses are data with low S/N.

The errors/o in the fluxes and FWHM are less than 10 per cent.

regions, which is good agreement with the fact that these two regions (i) The [Om]A5007 and He VFs show — in general — simi-

(south and south-west) are both areas associated with the rupture lar shape, but in the region of the nucleus (~Aa = 0, and ~AS$

of supergiant bubble S1 (i.e. associated with a very strong OF = 42 arcsec) the [Om] VF depicts very interesting substructure.

process). In particular, filaments structures were detected, in the north and
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Table 16. ELRs of the core of the nucleus and south nuclear regions (at north—south direction, PA = 180°).

Regions Component log[O m]/HB* log[O1]/Ha log[N n]/Ho* log[S us]/Ho*
Nucleus—Core

MC-EMI —-0.09 —0.18 (—0.18) 0.05
0.2 arcsec south

MC-EMI 0.07 0.01 - 0.25
0.4 arcsec south

MC-EMI —0.18 0.25 - 0.42
0.6 arcsec south

MC-EMI —0.18 —0.33 - 0.05
0.8 arcsec south

MC-EMI —0.04 —-0.43 —-0.37 0.03
1.0 arcsec south

MC-EMI 0.55 —0.26 —-0.20 —0.05
1.2 arcsec south

MC-EMI 0.05 —-0.25 —0.09 0.14
1.4 arcsec south

MC-EMI 0.19 —-0.35 0.07 0.02
1.6 arcsec south

MC-EMI 0.00 —0.31 0.31 0.13
1.8 arcsec south

MC-EMI 0.20 -0.35 0.07 0.13
2.0 arcsec south

MC-EMI 0.06 -0.14 0.14 0.18
2.2 arcsec south

MC-EMI 0.05 -0.28 0.11 0.12

For all these regions the ELR are consistent with LINERS.
A[0m]A5007; [O1]A6300; [Nm]A6583; [Sus]Ar67164+6731.
Column 2: emission-line components, as in Table 3.

The values between parentheses are data with low S/N.

The errors/o in the ELRs are less than 15 per cent.

Table 17. ELRs of the north nuclear regions (at north—south direction, PA = 00°).

Regions Component log[O m]/HB* log[O1]/Ho* log[N n]/Ho" log[S ns]/Ho*
0.2 arcsec north

MC-EMI -0.07 —0.34 - 0.19
0.4 arcsec north

MC-EMI —-0.13 —0.12 - 0.26
0.6 arcsec north

MC-EMI —0.21 —0.38 - —0.10
0.8 arcsec north

MC-EMI —-0.25 —0.44 —0.56 —0.13

MC-EMI -0.20 -0.29 0.21 0.28
1.0 arcsec north

MC-EMI -0.07 —-0.25 -0.12 —0.05
1.2 arcsec north

MC-EMI -0.12 —1.00 -0.25 —0.44
1.4 arcsec north

MC-EMI 0.04 —1.10 -0.12 —0.38
1.6 arcsec north

MC-EMI -0.12 —-0.90 0.00 —-0.20
1.8 arcsec north

MC-EMI —0.09 —0.85 —0.06 —0.12
2.0 arcsec north

MC-EMI -0.10 —-0.47 0.00 —0.11
2.2 arcsec north

MC-EMI - —-0.24 0.11 0.13

For all these regions the ELR are consistent with LINERS.
4[Om]A5007; [O1]A6300; [N1]A6583; [Sus]Ar67164+6731.
Column 2: emission-line components, as in Table 3.

The errors/o in the ELRs are less than 15 per cent.
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Figure 20. GMOS VF maps (a, b, ¢, d) for emission and stellar, ISM absorption lines. In the GMOS mosaic maps (a and b) the nucleus is positioned at ~Awx =
Oarcsec and ~A$ = +2arcsec. For the GMOS one frame maps (c and d) the nucleus is positioned at ~Aa = Oarcsec, and ~Ad§ = Oarcsec. The panel (e)
shows the radial velocity curve, for the nuclear region, which was derived from the Hy stellar absorption VF (panel d).
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Figure 20 — continued.

north-east region. These structures in the VF are in good agreement
with the results obtained by Krabbe et al. (1997), using near-IR 3D
spectroscopic data.

(iii) At the south-west regions/border of the Ho and [O m]A5007
VFs the highest blueshifted values were found (close to the position
of the complex of H 1 regions Aconcagua, in the supergiant bubble
S1). Thus, these kinematics structures are probably associated with
the knots of rupture and blowout process (i.e. the knots K11 +
K12 + K14).

Therefore, it is important to remark that — both — the GMOS-IFU
and La Palma-Integral 3D spectroscopic studies suggest that the
complex Aconcagua is a main point of rupture and blowout of the
supergiant shell S1.

12.2 Mapping with GMOS-IFU the ISM kinematics
(using the galactic Na 1D absorption line)

Fig. 20(c) shows the GMOS VF map obtained from the galactic
Na D absorption line: i.e. the Na 1D detected at the systemic velocity
of the merger (cz = 12654 km s7!).

From Fig. 20(c) it is interesting to note the following points.

(i) In all the nuclear and in the nearest circumnuclear area —
specially in the core of the nucleus — there is a clear OF process:
with two strong blueshifted lobes. This result is clearly consistent
with the previous studies of the OF process (in the nuclear region
of Mrk 231), which detected extreme velocity OF of ionized gas.

(i) There is also a weak blueshifted lobe (and filaments) in the
north and north-west region, at a radius r ~ 2 arcsec. For this area
Krabbe et al. (1997) reported several OF and filaments.

12.3 Mapping with GMOS-IFU the stellar kinematic
and the nuclear rotation curve

Fig. 20(d) shows the map of the stellar VF from the Hy absorption
line, and for the nuclear region of ~3.5 x 5.0 arcsec’ (~3 x 4
kpc, with a spatial resolution/sampling of 0.1 arcsec). This field
(Fig. 20(d)) cover only the ‘nuclear’” GMOS-IFU frame; i.e. this
plot does not cover all the GMOS mosaic (since the Hy absorption
is very week in almost all the GMOS frame of the southern arc).

In this nuclear stellar VF is evident the presence, close to the core
of the nucleus (at 0.8-0.9 arcsec and at PA = 00°), of two symmetric
lobes: i.e. a blueshifted circular lobe located to the south (of the core
of the nucleus) and a redshifted circular lobe to the north. This is the
typical structure of circular motion around the core of the nucleus.

Thus, from this stellar VF and for the region close to the core of
the nucleus (r < 1.4 kpc) an RC was constructed, using the software
ApHoc and the technique already described by Lipari et al. (2004a).
Specifically, the RC was obtained from the extraction in the VF of
an angular sector of &= 20° around the line/axis north—south (at PA
00°). The shape of the observed ‘nuclear’ RC of Mrk 231 — with a
monotonic increase in the more external nuclear regions, and after
reaching a maximum, a symmetrical fall outwards — has been called
a ‘sinusoidal’ shape (see for details Ruvin & Ford 1983; Zepf 1993;
Mendez de Olivera et al. 1998; Lipari et al. 2000, 2004a). In the
advanced mergers NGC 3256 and 2623, we already found similar
sinusoidal RCs, but at larger scale (i.e. for all the radius of the
galaxy/merger). We suggested that this sinusoidal feature could be
a common characteristic of advanced major merger systems, and
probably associated with OF in the more external regions (Lipari
et al. 2000, 2004a,c).

From the RC (Fig. 20e) we derive a Keplerian mass, inside a ra-
dius =700 pc, Maynam(700 pc) ~ (0.5 £0.2) x 10'* M. In order to
confirm this result and to analyse more physically the RC, we fitted
this nuclear RC with several well-known mass distribution models:
following the step and technique described in detail in our study of
the RCs of NGC 2623 and 3256 (see Lipari et al. 2000, 2004a,c).
The best fit to the nuclear RC was obtained with a Plummer—Kuzmin
law (Binney & Tremaine 1987), which correspond to a spherical or
disc mass distribution. For the Plummer—Kuzmin potential, we have
used the relation

—GMr
2+ r§’

where G is the gravitational constant, My is the total mass and ry is
the scalelength corresponding to rmax/ﬁ, I'max Deing the turnover
radius of the RC. The circular velocity in the equatorial plane is, in
cylindrical coordinates,

GMR? o
[R2+ R3)

The best fit was obtained with Mt = Mtornuc. = (0.9 £
0.1) x 10°°Me; and with the following geometry PA, =
00° £ 5°,i = 45° £ 5° (a mean value) and Vg, = 12650 & 10
kms~!. The value of mass (derived using a Plummer—Kuzmin law)
is consistent with the value obtained for a Keplerian mass. For de-
tails of the fit process, derived mass, etc. of the CRs and VFs, see the
kinematics studies of NGC 2623 and 3256 (Lipari et al. 2004a,c).

Furthermore, it is important to remark that our derived val-
ues of the nuclear mass (obtained in this paper and for the inner
0.7 kpc) are within the errors similar, or slightly lower than the
value obtained by Downes & Solomon (1998) for the dynamical
mass, inside the radius r = 0.5 kpe: 1.2 x 10" M. Another in-
teresting point — about this last work — is the fact that the radius of
~0.5 kpc (used by Downes & Solomon 1998, for their study of the
mass in the nuclear region of Mrk 231; using CO interferometric-
IRAM observations and models), is also the radius of a starburst
disc/ring. This CO disc/ring with a starburst could be related or
associated with the dusty starburst ring S5. Thus, in general there
is a good agreement between the GMOS and IRAM high spatial
resolution studies, performed at different wavelength regions and
using different techniques.

O(r) = (D

Vo(R,0) =
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13 DISCUSSION OF THE GMOS-IFU RESULTS

13.1 Decoupling with GMOS-IFU the very young nuclear
starburst from the QSO

13.1.1 The GMOS nuclear extreme blue/starburst component
(and the composite evolutionary model for BAL QSOs)

In this paper, using the GMOS-IFU spectra and GALFIT-3D model
we found: (i) in the pure host galaxy spectrum an extreme nuclear
starburst component (for the first time, at optical wavelength), which
was detected as a very strong increase in the flux; (ii) 3D GMOS
individual spectra and maps confirm the presence of an extreme
blue/starburst component, which was detected in a nuclear dusty
ring or toroid.

More specifically, in Section 6 we found in the map of the nuclear
blue continuum (or colour index, Fig. 8b) two clear, symmetric and
strong peaks, which are located at 0.3 arcsec to the south and to
the north, of the core of the nucleus. This position of the peak
is coincident with the location of the ring S5. Thus, these two
peaks are probably positioned inside of the dusty shell/ring S5. In
addition, different previous studies, performed at radio wavelength,
already proposed that in this area there is a disc of molecular gas,
with extreme SFR of ~100-200 M yr~! (Bryan & Scoville 1996;
Downes & Solomon 1998; Carrilli et al. 1998; Taylor et al. 1999).

On the other hand, in these regions (of the blue and red peaks)
the individual GMOS spectra show strong and narrow multi-
ple emission-line components (with OF), specially in the lines
[Ou]A3727; plus stellar narrow emission and absorption in the IR
Cau triplet. These are clear signature of a very young stellar popu-
lation. The presence of two strong narrow [O 11]A3727 components
could be associated with young H 11 regions with strong OF.

The strong narrow emission plus absorption in the IR CauA8500
triplet (detected in the symmetric areas of the red and blue contin-
uum peaks) is clearly associated with the peak of RSGs activity,
with age of: 8 < age < 15 Myr (in metal-rich stellar populations;
see Terlevich et al. 1991; Lipari & Terlevich 2006). The red con-
tinuum peak could be associated with a very dusty region of the
nuclear starburst. Furthermore, probably both areas (of the blue and
red continuum peaks) are associated with the shell/ring S5.

It is important to remark that the south nuclear and circumnuclear
area (with blue continuum) is coincident with the region where we
previously suggested that the nuclear GW in Mrk 231 is cleaning
the nuclear dust. Specifically, we suggested that the more external
supergiant bubble S1 is in the blowout phase: i.e. cleaning all the
south area of the whole merger. Probably, for this reason/fact the
extreme nuclear starburst is observed.

It is interesting to note that the derived dynamical time for the
more external supergiant bubble S1: ~5 x 10° yr, suggests that
this bubble could be generate in the first phases of this very young
starburst, which is probably associated with the interaction between
the star formation process with the AGN + accretion disc. In ad-
dition, it is interesting to note that the last/young starburst activity
detected in this merger must have occurred very late in the history
of the interaction, since the age of the starburst is only 5-20 x
109 yr. This is in agreement with the results published by Mihos &
Hernquist (1996) for models of starburst in disc/bulge/halo major
mergers process (their figs 4 and 2), where extended massive star
formation processes occurred late in the history of the interaction.

Therefore, the detection of a very young nuclear starburst in Mkr
231 (by the presence of a strong blue continuum flux, the detection
of the near-IR Ca 1 triplet in emission plus absorption, etc.) is a clear

confirmation of the proposed evolutionary and composite model for
young BAL + Fen + IR QSOs.

13.1.2 The GMOS data of the extended post-starburst
(or A-type stellar population)

In Section 11, for the absorption of HpB, a range of equivalent
width of 7-15 A was obtained. First, this result was analysed using
the evolutionary stellar population synthesis models of Gonzalez
Delgado et al. (1999). Specifically, we compared the H EqW
observed for Mrk 231 with the grid of EQW of the models (for H
Balmer and He 1lines). The model used corresponds to a cluster with
instantaneous burst, solar metallicity and Salpeter IMF, between
Mow = 1M and My, = 80 M. From this study, a range of age
of 30-500 Myr was obtained for the A-type stellar population of
Mrk 231 and a T of 9000 K. This result is in good agreement
with the idea that this A-type stellar population could be associated
with the first phases of the merger process of Mrk 231. Since, for
example the time-scale of mergers with prograde orbit is 0.5 x
10° yr (Noguchi 1991; Barnes 1992).

Then, we have confirmed this result using for the study of the
absorption GMOS spectra [for the H Balmer lines: HB, Hy, etc.: the
observational templates of stellar clusters populations (Piatti et al.
2002)].

On the other hand, an interesting result obtained in Section 11
is the fact that the regions with strong H Balmer absorption lines
show ‘arc shape’ (which are located very close to the external border
of the supergiant shells S1 and S2). A simple explanation for this
result could be that the OF process — in these shells — is cleaning the
nuclear dust. Thus, this cleaning process is probably the fact that
allows us to see clearly — and strongly — the absorptions of this A-
type stellar population (close to the external parts of the expanding
shells).

13.2 Decoupling with GMOS-IFU the BAL systems:
the jet-wind nature of the BAL I and II systems
(plus the explosive nature of the BAL III)

13.2.1 The AGN jet-wind and the extended nature of the BAL
systems I and 11

Main predictions of the AGN and composite models for BALs. In
general, there are two groups of models about the structure and
dynamics of the gas near the core of AGN. Specifically, in the
broad absorption-line region (BALR) and the broad emission-line
region (BELR). In these models the gas may exist as: (i) continuous
winds: spectral analysis of Arav, Li & Begelman (1994), Arav et al.
(1997, 1998, 2001, 2005) seems to show that continuous winds
might be better suited to explain high-resolution spectra of BALR
and BELR; (ii) discrete clouds: the idea that gas is partitioned into
discrete clouds is the more traditional approach to BELR and BALR
(see Bottorff et al. 1997; Everett, Konigl & Kartje 2000).

The two main AGN theoretical models for BALs (jets and ac-
cretion discs) predict some clear effects that could be detected with
high spatial and spectral resolution observations (and with high-
quality/SN spectra). The deep GMOS-IFU data presented in this
paper are probably one of the best and most complete set of data
available to date for this purpose. Furthermore, these GMOS data
were obtained for the nearest BAL QSO.

Specifically, these two models predict some very simple and clear
effects (see for a discussion of this point Murray et al. 1995; Punsly
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1999a,b; Proga, Stone & Kallman 2000a; Punsly & Lipari 2005).
Here, we present a summary of the most clear prediction of these
two AGN models.

(i) Jet model for BAL: This model predicts that the jet wind is col-
limate, bipolar and aligned with the jet direction. Thus any possible
elongation will be detected in the jet direction. It is important to note
that in order to detect any elongation in a BAL system, an extended
nature of the studied BAL it is required, in a scale similar to the
spatial resolution of the instrument (for GMOS ~0.4-0.5 arcsec).
Different effects could explain the extended nature of some BALSs
(Punsly & Lipari, in preparation).

(ii) Accretion disc model for BAL: In this second model the ac-
cretion disc wind is located close to the plane of the disc, i.e. for
AGN with detected jets, the wind associated with accretion disc is
located perpendicular to the direction of the jet. Thus, any possi-
ble elongation in the BAL will be detected perpendicular to the jet
direction.

It is interesting to remark that in the composite + supergiant

shell scenario for BALs, some elongations could also be generated.
Specially, the elongations could be observed in the case of colli-
mate/bipolar expansion of the GW + supergiant shells. This type
of OF could generate elongations at the PA of the direction/axis of
the bipolar GW (or hyperwind) + supershells.
The jet-wind nature of the BAL I and II systems. In this paper, we
have studied (using high-resolution very deep 3D GMOS spectra)
all the optical ‘absorption’ lines associated with the BAL systems
I and II. The deep 3D GMOS spectra and maps clearly show that
the BAL system I (in the Can KA3933 absorption map) and the
BAL system II (in the Na1DA5889-95 absorption map) are clearly
elongated at the PA close to the radio jet PA. This strongly suggest
that the BAL systems I and II are ‘both’ associated with the radio
jet, and supporting the bipolar jet-wind model for some BALs.
Thus, this new study (based on deep GMOS-IFU spectroscopy) is
in excellent agreement with the previous 3D integral spectroscopy
study of the Ha emission bump.

In addition, the very deep 3D GMOS spectra (Fig. 10) and maps
(Fig. 11) clearly show the extended nature of the BAL system I:
reaching ~1.4-1.6 arcsec ~ 1.2-1.3 kpc, from the nucleus; which
are also in excellent agreement with the extended nature found previ-
ously (from the 3D integral study of Ho bump) of the BAL I. Further-
more, de Kool et al. (2001, 2002) found similar results — extended
nature of two BAL systems — in their Keck high-resolution spectro-
scopic study of BALs in the QSOs FIRST J104459.64+365605 and
FBQS 0840+3633. They found that the distances between the AGN
and the region where the OF gas generate the BAL line are at ~700
and ~230 pc, respectively. Therefore, for Mrk 231 (BAL system
I), FIRST J104459.64-365605 and FBQS 084043633 the distances
found between BAL forming regions and the continuum source
(AGN) are large, ~200-1400 pc. BALs are generally thought to be
formed in OF at a much smaller distance from the nucleus (see for
references de Kool et al. 2001).

13.2.2 The explosive nature of the BAL Il system

A very important point about the explosive scenario for Mrk 231
is the detection (together with the multiple expanding shells) of an
exponential fall in the variability of the short-lived BAL III Na1D
system. In this paper, this exponential fall in the BAL III Na1D was
confirmed (for almost all the period in which this system appears,
1984-2005), using very deep 2005 GMOS-IFU spectra. The origin

of this exponential fall in the BAL III system could be explained, in
the framework of an extreme explosive event, probably associated
with hypernova explosions. An explosive scenario for the origin of
the BAL III system could explain also the presence (in the nucleus)
of multiple concentric expanding superbubbles with circular shape.

It is important to remark that Lipari et al. (2005) already analysed
and discussed —in detail — the main possible explanations for the LC
variability of BAL III system in Mrk 231. However, they concluded
that only a giant explosive event could explain this SN shape LC
(since the other proposed scenarios and models generate mainly
symmetric LC variability).

13.2.3 Mrk 231 and the rare class of Fe 1 and low-ionization
BAL QSOs

A very interesting point is the fact that Mrk 231, FIRST
J104459.64-365605 and FBQS 0840+3633 (which shows extended
BAL systems) are all member of the rare class of low-ionization
BAL QSOs. Furthermore, these three QSOs are also member of the
‘very’ rare subclass of Fe1 low-ionization BAL QSOs with very
strong reddening in the ultraviolet (UV) continuum. In particular,
for Mrk 231 Lipari et al. (2005, their fig. 11a) clearly shows — in
the UV spectrum — the presence of strong absorption in the Fen
and Mg lines; which are the standard lines that define the Fen
low-ionization BAL QSO subclass.

We already suggested that low — and specially Fe i1 low — ioniza-
tion BAL QSOs are young and composite/transition QSOs: in the
phase that the OF process with GWs, expanding supergiant bub-
bles and exploding HyN are cleaning the nuclear dust (which is
generated, at least in part by the extreme nuclear starburst). Thus,
the strong reddening in the UV continuum is also associated with
their composite nature. In addition, Lipari (1994) and Lipari et al.
(2005) found — in the IR colour—colour evolutionary diagram — a
clear sequence of transition BAL + Fen 4 IR QSOs, which are —
almost all — members of the rare class of low-ionization BALs QSO
(like Mrk 231; IRAS 075988+4-6508; IRAS/PG 1700245153, etc.).

Very recently, from a study of a very large sample of 37 644 SDSS
QSOs, from the third Data Release (DR3) and for all redshift (in the
range: 0 < z < 5): White et al. (2006) found that the radio properties
of the rare class of low-ionization BALs QSOs are different from
the group of non-BAL QSOs + high-ionization BAL QSOs, at all
redshifts. This result could be explained in the framework of an
evolutionary unified scenario for BAL QSOs, in close agreement
with the model proposed by Lipari & Terlevich (2006). Where low-
ionization BAL QSOs are young, transition, and composite QSOs
in the phase of a strong/composite OF, with supergiant expanding
shells (probably associated with exploding HyN and jets); which
are cleaning the nuclear dust.

13.3 Decoupling with GMOS-IFU the nuclear OF
and the expanding superbubbles, in Mrk 231

In this paper, we have confirmed with high spatial and spectral
resolution GMOS data the presence of multiple concentric expand-
ing supergiant bubbles/shells, with centre in the nucleus and highly
symmetric circular shape. These shells could be associated with
giant symmetric explosive events. These explosive events could be
explained in a composite scenario, where the interaction between
the starburst and the AGN could generate giant explosive events:
i.e. HyN (Artymowicz, Lin & Wampler 1993; Collin & Zahn 1999).
Furthermore, we derived for the kinetic energy of the OF of the shell
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S1, Exinor—si ~ 2.0 x 10°* erg (Lipari et al. 2005). This very high
level of kinetic energy, obviously required the presence of multiple
SN events, or an unusual type of ‘giant SN’ or hypernovae (with
ExingyNy > 102 erg; see Nomoto et al. 2004, 2006, 2007). This is
also in good agreement with the extreme starburst and composite
scenario for the nucleus of Mrk 231.

In this paper we have also presented GMOS morphological and
kinematics evidence that the main complex of Hu regions (K11
+ K12 + K14: ‘Aconcagua’) could be associated to a main point
of rupture of the border of the bubble S1 (with a large number of
massive/WR stars). In the next subsections this point is discussed
in detail.

13.3.1 GMOS evidence of the rupture of the external supergiant
shell

In Sections 9, 10 and 12 we have studied the 3D GMOS spectra
and images of the main knots of the multiple expanding nuclear
bubbles. In particular, we found strong multiple [O m]A5007 emis-
sion and WR features in the main complex (K11 + K12 + K14:
‘Aconcagua’) of the more external supergiant bubble S1. These re-
sults are in good agreement with those obtained previously, in the
sense that the H 1 region complex ‘Aconcagua’ is probably associ-
ated with a main point of rupture of the bubble.

More specifically, in this paper we found the signature of a large
number of WR and very massive stars in the strong knot K14-
East associated with a main complex of H 11 regions, located at the
south-west border of the more external supergiant bubble S1. It is
important to remark that populations of massive stars are the main
progenitors of ‘multiple’ core—collapse SNe/HyN, which are the
main objects capable of generating the rupture phase of the galactic
bubbles (Heiles 1979; Norman & Ikeuchi 1989).

Recently, a similar result was found for all the main points of
rupture of the supergiant extranuclear bubble in NGC 5514: i.e. the
presence of WR stars in all the knots of rupture of the supergiant
shell. Furthermore, for NGC 5514 we already proposed that a pop-
ulation of very massive stars (like WRs) could be the source of
multiple SN and HyN, and thus also the source of the rupture of the
bubble.

Therefore, using deep GMOS-IFU high spatial resolution 3D
spectra, we found — in this paper and for the distant IR merger Mrk
231 — very similar results to those previously detected in the nearby
merger NGC 5514 (this last object is considered the prototype of a
IR merger with a supergiant bubble in the rupture phase).

13.3.2 GMOS data and the nature of the nuclear multiple
expanding suprergiant shells

In Sections 9, 10 and 12 we found new interesting results about
the physical and kinematics properties of the nuclear expanding
bubbles. Here, these properties and the nature of these five nuclear
expanding supergiant bubbles/shells are discussed.

Specifically, we remark the following main points.

(1) Supergiant bubble/shell S1

In this paper we found strong evidence that this supergiant bub-
ble is in the blowout phase. Furthermore, the typical kinematics,
morphological and physical properties of a point of rupture of the
bubble were found (in the knot K14-East, of this relatively distant
IR merger).

This region of rupture of the bubble S1 (south-west area) and
also several knots in the four external supergiant bubbles show

clear blueshifted emission, in the OF and — even — in the main
components. With a value of OF, of AV ~ —400 km sl

(ii) Supergiant bubble/shell S2

The main/strong knots (of this shell) are all located in the south-
west region with typical ELRs of LINER, associated with shocks
of low velocity.

(iii) Supergiant bubble/shell S3

The knots of this shell show composite values of ELRs, between
LINER and H 1 regions. In addition, the knot S3a (also called K3)
shows typical values of ELRs of H 11 regions.

This last result is in good agreement with that obtained for the
near area E1 (where we detected very strong Ho emission), which
also shows typical ELRs of H 1 regions.

(iv) Supergiant bubble/shell S4

In this internal bubble — and close to the core of the nucleus, for
r < 0.7 arcsec ~ 0.6 kpc — two similar narrow emission-line systems
were detected, with strong [Sn] and [O1] emission (with AV ~
—200 km s~1). These results are consistent with ionization by OF
+ shocks of low velocity and in a dense ISM.

(V) Ring or toroid S5

In this paper we found evidence that this ring is probably associ-
ated with a toroid of very young and strong star formation process of
8 < age < 15 Myr (see for detail Sections 6 and 7).

13.4 GMOS data and the nature of the nuclear NLR
and BLR (in Mrk 231)

In general, the main results obtained in Sections 10 and 12 clearly
show that the kinematics, morphology and physical properties of the
multiple narrow emission-line systems (in the core of the nucleus
and the nuclear region, for r < 2.2 arcsec ~ 1.8 kpc) are all consistent
with an ionization process generated by the OF with low-velocity
shocks. In addition, only few nuclear areas were detected, where
the dominant ionization could be associated with H 11 regions.

More specifically, the following results are consistent with a nu-
clear NLR associated with the OF gas and with an ionization process
by shocks.

(i) In the area close to the core of the nucleus (for » < 0.7 arcsec ~
0.6 kpc), two similar narrow emission-line systems were detected,
with strong [Sn] and [O1] emission and AV ~ —200 km s~'. In
addition, even at the core of the nucleus these two emission-line
systems were observed.

(ii) In the log [S u]l/Ha versus log [O1]/Ha diagram the ELR of
the area close to the core of the nucleus (r < 0.7 arcsec) also shows a
position close to the upper right-hand part of this diagram (specially
in the south area).

This fact is consistent with the presence of strong [S 1] and [O1]
emission; and thus it is consistent with shocks process of low ve-
locities (~200 km s~!; Shull & McKee 1979; Heckman et al. 1990;
Dopita & Southerland 1995).

(iii) All the ELR for the nuclear region (at PA = 00°, and for
r < 2.2 arcsec ~ 1.8 kpc) are located in the log [S n1]/Ha versus log
[O1)/Ha diagram in the shock area: of SNR + HH. In the south
nuclear region (where we detected the blowout phase of the bubble)
the ELR are positioned — again — in the upper right-hand border of
this diagram.

Therefore, these results suggest that — in the nuclear and circum-
nuclear region Mrk 231 — the NLR could be associated with the OF
process. It is important to remark that even in dusty IR Galaxies we
have found several standard NLRs, in which the nuclear ELRs are
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all consistent with ionization by the Seyfert/AGN activity. For ex-
ample, in IRAS 15480—0344 (Lipari, Bonatto & Pastoriza 1991) we
detected a typical standard/Seyfert NLR. In addition, new detailed
high-resolution narrow-band images and spectra — of this extended
NLR - show only ionization associated with the Seyfert activity
(Tsvetanov, private communication). However, this is not the case
for the NLR of Mrk 231, where we did not detect any ionization
in the NLR associated with the Seyfert activity. For Mkr 231, the
ELRs of the NLR are clearly consistent with an ionization process
dominated by the OF + shock events.

On the other hand, we already proposed that even the broad line
emission region of Mrk 231 could be generated by an OF process. In
particular, we showed that explosive and OF events (more constant
that a single and standard SN) could generate the unusual BLR
spectrum observed in the core of the nucleus of Mrk 231 (see for
details Lipari et al. 2005 and their fig. 14).

14 THE COMPOSITE HYPERWIND MODEL
FOR MRK 231, BAL + IR + FE11 QSOS AND
LYx BLOBS

In order to analyse the extended nature of the OF of Mrk 231 (and
BAL + IR + Fen QSOs), it is important to remark two previous
studies at radio wavelengths, which are important for the discussion
of the extended and composite OF process. In particular, we note
the following.

(1) VLA images at 4.9 Ghz (Baum et al. 1993) and at 1.5 Ghz
(Ulvestad et al. 1999a) show a very large structure of ~35-50 kpc,
elongated in the direction north—south.

(i) VLBI images at 1.7 Ghz (Neff & Ulvestad 1988; Lonsdale
et al. 2003) and VLBA images at 2.3 Ghz (Ulvestad et al. 1999a)
show a triple structure with a central unresolved core and two sym-
metric resolved lobes with a total extension of ~40 pc. This radio
structure is elongated also in the direction north—south.

These results clearly suggest that these extended structures (from
scale of few parsec to 50 Kpc) are probably associated with the
main components of a composite OF process: the blowout phase
of the more external bubble S1 (at PA = 00° and at large/kpc
scale). These results (for Mrk 231) are in good agreement with
those obtained previously for several BAL + IR + Fe 1 QSOs: like
IRAS 04505—2958 (see Lipari et al. 2007a,b).

14.1 Composite hyperwind model for BAL + IR + Fe 11 QSOs

In several BAL + IR + Feu QSOs we detected extended OF pro-
cesses (similar to the extended Lyw blobs found at very high red-
shift; by Steidel et al. 2000) which are probably associated with the
composite nature of the very nucleus of QSOs/AGN (Lipari et al.
2003, 2005). In particular, Lipari et al. (2005) proposed a composite
hyperwind scenario in order to explain the very extended blob/shell
— of ~30 kpc — found in the new BAL QSO IRAS 04505—2958.
In addition, in the study of IRAS 075984-6508 and IRAS/PG
17002+5153, Lipari (1994) already suggested that nearby and
high-redshift low—ionization BAL QSOs could be explained by a
violent ejection during the first onset of the QSO activity, similar
to a ‘giant SN explosion’ (previously proposed by Hazard et al.
1984). This approach is very similar to that suggested for Mrk
231, where ‘multiple nuclear expanding superbubbles’ were found,

associated — in part — with giant SN or hypernova explosions. There-
fore, it is important to study the possible role of composite hyper-
wind/OF in the evolution of supermassive black holes (SMBHs) and
QSOs.

It is important to remark that very recently our suggestion of the
existence of extreme type Iln SN explosive events associated with
very massive progenitors (like Eta Carinae) was confirmed (Lipari
et al. 2003; Lipari & Terlevich 2006). In particular, the discovery
of the SN 2006gy (in NGC 1260, Smith et al. 2007), that reached
a peak of absolute magnitude of —22, and remain brighter than
—21 mag for about 100 d. Thus, this SN (of type IIn) is one of
the most luminous SN ever recorded, powered by the death of an
extremely massive star like Eta Carinae. This fact confirm one of
the main suggestion of the evolutionary and explosive model for
composite AGN: the existence of giant SN/HyN explosions, asso-
ciated with very massive stars. Furthermore, Smith et al. (2007)
even proposed that giant SN explosions from very massive pro-
genitors could be more numerous in Population III stars (in young
objects and in the early universe) than previously believed. Finally,
it is important to remark that this SN 2006gy shows very strong
Na1D and H&K Ca absorption lines (i.e. very similar to those of
Mrk 231).

Furthermore, very recently the discovery of new giant SN or HyN
similar to 2006gy (SN 2006tf and 2005ap) confirm the presence of
extreme explosive events. These type IIn HyNs and their remnant
are powered by the death of extremely massive stars could help
to explain several main themes in Astrophysics. Specifically, the
recently detection of extremely energetic cosmic rays associated
with AGN, could be explained in the framework of the explosive,
evolutionary and composite model for AGN/QSOs. Since remnant
of HyN —a main component of this model — could be a very probable
source of extremely energetic cosmic rays (see for references and
details Lipari et al. 2007b).

14.2 Composite hyperwind model for Ly« blobs

The ionizing radiation from the newly formed young stars should
lead to prominent Ly emission due to recombination of the hydro-
gen in the ISM. Thus, extended Lyo emission could be an important
spectral signature of young and composite systems, specially at very
high z (Terlevich et al., in preparation).

Recently, we have started a study of 3D spectroscopic data of
high-redshift submillimtere and radio BAL QSOs, using Gemini
+ GMOS and ESO VLT + VIMOS. Specifically, we have al-
ready performed a detailed study of Gemini GMOS-IFU data of
the — low-z — BAL QSO IRAS 04505—2958 and high-redshift sub-
millimetre SDSS BAL QSOs (Lipari et al., in preparation). The
result of this paper is the second paper of our Gemini GMOS—
IFU programme of BAL QSOs. In general, we found that IRAS
04505—2958 and Mrk 231 show similar extended OF process (of
100 and 50 kpc, respectively). Even both QSOs have ‘relatively
narrow’ — or mini/associated — BALs (see for details Lipari et al.
2007a,b).

Therefore, we are studying if extreme OF associated with giant
explosions and hypernovae (plus AGN jets) could generate BAL
systems and extended blobs (Lipari 1994; Dey et al. 1997; Guillemin
& Bergeron 1997; Tenorio-Tagle etal. 1999; Bond et al. 2001; Lipari
et al. 2003; Reuland et al. 2003; Lipari et al. 2005; Punsly & Lipari
2005; Lipari & Terlevich 2006; Lipari et al. 2007a). The main goal
of this study is to test our proposed composite hyperwind scenario
for some BAL QSOs at low and high redshifts (Lipari & Terlevich
2006; Lipari et al. 2007a,b; see also Magain et al. 2005).
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15 THE EVOLUTIONARY END OF Mrk 231,
ELLIPTICAL AND QSOs (AND FUTURE
WORKS)

The GMOS results obtained for Mrk 231 (combined with theoretical
and observational studies, for mergers with OF) suggest that extreme
starbursts and extreme GWs play an important role in galaxy/QSO
evolution (see Larson 1998; Bromm, Coppi & Larson 1999;
Larson 1999; Scannapieco & Broadhurst 2001; Bromm & Loeb
2003; Larson 2003; Lipari & Terlevich 2006; Lipari et al. 2007a).

On the other hand, several results (for the merger Mrk 231)
suggest that the nuclei of the colliding galaxies have coalesced into
a common nucleus, and that the merger is in a very advanced phase:
a relaxed system probably evolving into an elliptical galaxy (see
Soifer et al. 2000; Quillen et al. 2001; Lipari et al. 1994; Condon
et al. 1991; Hamilton & Keel 1987). Thus, a very interesting point
is to follow this evolutionary study of Mrk 231 and similar evolving
elliptical galaxies with composite and extreme OF (observed as
extreme BAL + IR 4 Feu QSOs), even to the end phase of their
evolution.

It is important to note that in the last years several possible
links between mergers, starbursts, IR QSOs and elliptical have
been proposed. Specifically, Lipari et al. suggested the following
evolutionary links.

Merger/s — extreme starburst + GW (inflow + OF) — IR + Fe 1t
+ BAL composite/transition QSOs — standard QSOs and elliptical
— galaxy remnants.

In this evolutionary sequence a main and interesting step is the end
phase, of the evolution of the host galaxies + QSOs. We have started
observational and theoretical studies in order to analyse if extreme
and explosive OF process —in composite BAL + IR + Fe 1 QSOs —
could be associated with three main steps in the evolution of QSOs
and their host galaxies (including the end phases). In particular, we
are studying the role of explosive events in the following.

(1) To stop the accretion process in QSOs/SMBHs.

(i) The formation of satellite and companion galaxies (by explo-
sions).

(iii) To define the final mass of the host galaxies, and even if
the explosive nuclear OF is extremely energetic, this process could
disrupt an important fraction (or even all) of the host galaxies.

Therefore, giant QSO explosion is an interesting process in order
to consider as the base for a first model of galaxy end. Our observa-
tional GMOS-IFU results for Mrk 231, IRAS 04505—2958,
IRAS/PG 1700245153, IRAS 0759846508 and others
BAL + IR 4+ Fen QSOs, plus the theoretical works per-
formed by Ikeuchi (1981), Ostriker & Cowie (1981), Berman &
Suchkov (1991) show a good agreement with explosive models
for the formation and end of some type of galaxies (which are
associated with explosive BAL + IR + Feu QSOs; see for details
Lipari et al. 2007a,b).

16 SUMMARY AND CONCLUSIONS

In this paper we have presented the first results of a study of
BAL QSOs (at low and high redshift), based on very deep Gemini
GMOS-IFU spectroscopy. In particular, the results obtained for the
nearest BAL IR-QSO Mrk 231 are presented. These GMOS data
are combined with 3D and 1D spectroscopy (obtained previously
at La Palma/WHT, HST/FOS and KPNO observatories) and deep
HST broad-band images of Mrk 231.

The main results and conclusions can be summarized as follows.

(1) For the nuclear region of Mrk 231, the QSO and host galaxy
components were modelled, using a new technique of decoupling
3D spectra: GALFIT-3D. From this paper, the following main re-
sults were found.

(1) In the pure host galaxy spectrum a strong/extreme nuclear
starburst component was clearly observed (for the first time, at
optical wavelength), as a very strong increase in the flux, at the blue
region.

(2) The BAL system I is observed in the spectrum of the host
galaxy, i.e. confirming their extended morphology.

(3) In the clean/pure QSO emission spectrum, only broad lines
were detected.

(4) 3D GMOS individual spectra (specially the IR Ca triplet and
[Ou]A3727) and maps confirm the presence of an extreme young
nuclear starburst component, which was detected in a toroid or ring
at r = 0.3 arcsec ~ 200 pc.

(5) The nuclear starburst plus the bubbles are cleaning the nuclear
dust, specially in the south region. This area is coincident with
the region where we previously suggested that the GW — with
superbubble/shells — is in the blowout phase.

(6) On the other hand, the 3D spectra of the knots of the multiple
expanding nuclear bubbles were analysed. In particular, we found
the following.

(1) Strong multiple emission-line systems (with LINER prop-
erties) and WR features in the main knots of the more external
superbubble S1. The kinematics of these knots — and the internal
bubbles — suggest that these knots are probably associated with a
main area of rupture of the supergiant bubble (at the south-west
region).

(ii) In the more internal superbubble S4 and close to the core
of the nucleus (for r < 0.7 arcsec ~ 0.6 kpc), two similar narrow
emission-line systems were detected, with strong [Su] and [O1]
emission and AV ~ —200 km s~!. These results suggest that for
the nuclear region an important part of the NLR emission is gen-
erated by the OF process (and the associated low-velocity ionizing
shocks).

Very deep 3D spectra and maps clearly show that the BAL
systems I and II — in the strong ‘absorption lines’ Na1DA5889-95
and Can KA3933 — are extended (reaching ~1.4-1.6 arcsec ~ 1.2—
1.3 kpc, from the nucleus) and clearly elongated at the PA close
to the radio jet PA, which suggest that the BAL systems I and II
are ‘both’ associated with the radio jet, and supporting the bipolar
jet-wind model for some BALs.

The composite nature of the BAL systems of Mrk 231 is dis-
cussed. In addition, using deep 3D GMOS spectra we have con-
firmed that the variability LC of the BAL systems III shows an
exponential fall, associated with giant explosions.

A composite hyperwind scenario (already proposed for BALs)
was suggested — in this paper — for the origin of giant Ly« blobs,
at high redshift. The importance of studying the end phases of Mrk
231, elliptical galaxies and QSOs (i.e. galaxy remnants) was briefly
discussed.

Finally, it is important to remark the interesting fact that these 3D
GMOS results are strongly consistent between them, and also with
previous works. In particular, the new GMOS results obtained using
the new 3D techniques of decoupling the QSOs and host galaxies
spectra (GALFIT-3D) show an excellent agreement with the study
performed in Sections 6, 7 and 8.4.
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APPENDIX A: THE GALFIT-3D METHOD FOR
DECOUPLED THE QSO AND HOST GALAXY
3D SPECTRA

The method developed to decouple the host and the nucleus spectra
is an extension of what has been done for decades to decouple the
host and the nucleus in the analysis — of these kinds of objects —
based on direct imaging (e.g. Dunlop et al. 2003; Peng et al. 2002;
Sanchez et al. 2004, and references therein). It has been extended to
integral field spectroscopy and tested over simulations and real data
sets with different objects, and generalized to decouple the spectra
in crowded fields. In this paper (Section 5), we have quoted several
references about published studies where the technique GALFIT-
3D is theoretical described and observational tested (see for details
Sanchez & Cardiel 2005; Garcia-Lorenzo et al. 2005).

In Section 5, we have explained that in general the GALFIT-3D
method comprise a fit of the 3D spectroscopic data using a narrow
Gaussian function (to model the nucleus) and a de Vocouleur law (to
model the galaxy), both deconvolved with a PSE. Thus, a main and
first step — in this method — is to obtain the best PSF. For Mrk 231, a
PSF was derived — in this paper — at any wavelength range based on
the shape of the broad line region of the nucleus, know to whatever
extended to be always point-like. Therefore at whatever wavelength
the nuclear part may be characterize as a PSF convolved with a
delta function, which can be described analytically as a very narrow
Gaussian function (with an FWHM of the fraction of the pixel).
Any computational convolution in general, and the one performed
by GALFIT-3D in particular, it is not an exact computation, and we
cannot narrow the Gaussian to the infinite. In order to know which
is the best width for this Gaussian function, we fit the PSF with a
Gaussian function convolved with itself. The derived width would
be the maximum accuracy that can produce GALFIT-3D when a
PSF is fitted to itself.

We did not use a pure Gaussian function to characterize the nu-
clear emission, but a narrow Gaussian (i.e. almost a delta function),
convolved with the empirically derived PSF. This is the best possible
characterization of the nuclear region and it does not underestimate
the extent of the winds of the PSF, since it is included in the mod-
elling. Even more, the galactic profile is also convolved with such
a PSF in the fitting process.

In relation to the assumed model, we consider that the object data
cube is characterized by

Obj(x,y,A) = Nucleus(x,y,A) + Gal(x,y,A) + Irr(x,y,A), where
‘Obj’ is the data set, ‘Nucleus’ is the nuclear component, ‘Gal’ is
the smooth component of the galaxy and ‘Irr’ is the irregularities or
substructures. For years it is assumed that

Irr « Nuc + Gal.

Therefore it is possible to model the object with two analytical
functions, including one for the nucleus and one of the galaxy, and
that the irregularities are entering the rms of the fitting process. The
real representation of the host galaxy would not be just ‘Gal’, but
‘Gal + Irr’, being the Nucleus just subtracted.

In the characterization of ‘Gal’ the morphological parameters
must be kept correlated with the wavelength since no galaxy is
known to change abruptly its general morphology, but to change
smoothly from blue to red. We admit that on the wavelength regions
dominated by gas emission it may be the case that the irregularities,
as defined before, may be of the order of the galaxy flux (Irr ~
Gal), and it is due to that that keeping correlated the morpholog-
ical parameters it is possible to derive and integrated flux for the
smooth component of the galaxy at this wavelength (Gal), which
we decouple them from any substructures (Irr).
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Thus, the GALFIT-3D method is an extension to 3D of the method
used for decades to detect substructures in galaxies, which subtract
the smooth component, that describe the average properties of the
galaxy.

APPENDIX B: DIFFERENTIAL ATMOSPHERIC
REFRACTION CORRECTION

A relevant advantage of integral field spectroscopic observations is
the following fact: using IFS data is possible to determine and — in
many cases — to correct the spectra from the effects of DAR. For
long-slit spectroscopic observations the presence of DAR impose
strong restrictions which can not be easily corrected (Arribas et al.
1999). By using IFS data is possible to estimate and correct in the
spectra this effect of DAR, since the information is spread all over
de IF unit (see Arribas et al. 1999, for a detailed description of DAR
correction of IFU data).

Using IFU data, the DAR could be corrected with theoretical
formulae or with empirical methods. Filippenko (1982) presents a
summary of the theory behind the estimation of differential/relative
atmospheric refraction correction. This theory assumes that the layer
of different refraction index in the atmosphere is infinitely flat, par-
allel between themselves and perpendicular to the zenith. These
three assumptions are just right to the first order, and have produces

errors in the DAR derivation and correction, especially for high air
masses. Telescopes are normally mounted on peaky mountains and
in many cases in islands nearby the sea. In both cases the assump-
tion that the layers are infinitely flat and parallel is not right. The
low layers of the atmosphere, responsible of a considerable amount
of the DAR, follow the shape of the mountain rather than being flat.
Extensive campaigns with PMAS at the 3.5-m telescope on Calar
Alto Observatoy has demonstrate that we have two optical zeniths
(defined as the locations of minimal DAR), instead of just one,
and only one of them coincident with the zenith of the telescope.
We performed comparisons between the DAR derived using the
Filippenko formulae and the one provided by a direct estimation on
real data based on calibration stars observed during several cam-
paigns, using the procedure described in this paper. There are severe
deviations between both derivations that strongly recommend us to
use an empirical DAR correction when is possible (i.e. using 3D
spectroscopy/IFU).

Thus, using high-resolution GMOS-IFUs spectroscopy with
small field of views covering large wavelength ranges, it is impor-
tant to use empirical DAR corrections (since the use the theoretical
formulae could be incorrect).

This paper has been typeset from a TEX/IATEX file prepared by the author.
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