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Riassunto

La Extended Narrow Line Region (ENLR) dei Nuclei Galattiditi (AGN) e una regione di gas ad
alta ionizzazione, di forma conica o biconica con dimensimo a 15-20 kpc e gli apici in direzione
del nucleo attivo. Questa struttura, detta anche coni dzzazione, € una prova della validita del Mod-
ello Unificato (Antonucci 1993), che predice che il flussdaleddiazione ionizzante emessa dal nucleo
sia collimato dal toro di polveri. La struttura della ENLRcémplicata e sono numerose le questioni
irrisolte, per esempio non e chiara I'origine del gas iaatp presente in queste regioni. Il gas potrebbe
essere parte del mezzo interstellare della galassia psgitessere semplicemente ionizzato dal nucleo
attivo, oppure potrebbe essere mezzo intergalattico sitojulall’esterno in seguito a interazioni gravi-
tazionali. Finora sono state scoperte solo 25 Seyfert 2 oondi ionizzazione. Questo basso numero
di oggetti potrebbe essere dovuto a (iieeo di selezione, oppure all’assenza di gas distribuit@ga
scala nella galassia ospite, ma potrebbe anche indicargecheno particolari condizioni per formare la
ENLR. In questo lavoro abbiamo studiato I'orgine del gafiaztaindo dati spettroscopici integral field
(IFV), longslit e echelle. A causa del piccolo campo di vidéa dati IFU c’@ bisogno di un confronto
con immagini broad band dell'intera galassia, per poterlimégterpretare I'informazione ottenuta dal
dato spettroscopico. Abbiamo ridotto e analizzati i ddie sono stati ottenuti nell’ambito della nostra
campagna osservativa di galassie di Seyfert vicine. | &afi $ono stati acquisiti con lo spettrografo
MPFS al telescopio di 6-mt del SAQO, i dati longslit con AFOS@#escopio di 1.8-mt dell’Osservatorio
Astrofisco di Asiago e i dati echelle con MagE al telescopi@ilian di 6.5-mt. Le immagini sono state
in parte ottenute con SCORPIO al telescopio di 6-mt del SA@ gairte dall'archivio ING. Il lavoro

e basato sul seguente metodo: (i) analisi delle propfisighe del gas (densita, temperatura e metal-
licita), (ii) analisi dei rapporti di righe, (iii) studioalla cinematica del gas e delle stelle, (iv) analisi
morfologica. Abbiamo applicato questo metodo a due gadads mostrano emissione di [O ll] estesa,
NGC 7212 una Seyfert 2 e MRK 6 una Seyfert 1.5. Abbiamo ottemalide prove di un origine esterna
del gas ionizzato per entrambi gli oggetti. L'origine esteg attesa nel caso di NGC 7212 che € una
galassia in un sistema fortemente interagente, comunduiarab trovato anche in MRK 6 indizi di un
possibile merger. Abbiamo poi sfruttato il vantaggtbeoto dai dati IFU che permettono di campionare
spazialmente la ENLR in regioni dd&’41” e abbiamo poi selezionato 12 Seyfert 2 pfettuare uno
studio statistico delle proprieta spettroscopiche di lewato numero di queste regioni. Dall'analisi di
848 sub-regioni abbiamo notato che la maggior parte mostraripta simili a quelle della NLR. Tultti
questi risultati suggeriscono che siano necessarie pkmticcondizioni iniziali per formare delle NLR
con dimensioni dell'ordine di alcuni kpc.






Abstract

The Extended Narrow Line Region (ENLR) of Active Galacticdhi (AGN) is a conical or bi-conical
region of highly ionized gas with a size of few up to 15—-20 kpd the apexes pointing towards the active
nucleus. This region is also called ionization cones. Theses are an evidence of the Unified Model
(Antonucci 1993) that predicts an anisotropic escape ating photons from the nucleus confined in
a conical flow by a dusty torus. Many details about the comptexcture of the ENLR still remains
unveiled. For example it is not clear which is the origin of tbnized gas. This is an important issue,
being related to the fuelling of the active nucleus. The gaslccbe simply part of the interstellar
medium of the host galaxy, ionized by the active nucleus osliycks; or it could be intergalactic
medium acquired by the surroundings of the host galaxy titra@ravitational interactions. Up to now
only 25 Seyfert 2 galaxies with ionization cones are knowad studied. The lack of cones in Seyfert
2 galaxies could be a selectioffext, or it could be due to the absence of gas distributed @argel
scales in the host galaxy, but it can also indicate that soantcplar initial conditions are needed in
order to form an ENLR. In this work we tackle the question & trigin of the gas, by combining the
information obtained from IFU, longslit and echelle spactBeing the IFU field of view typically small,

in order to correctly interpret the spectroscopic resuksanalyse also broad band images. We reduced
and analyzed the collected data from our observational a@mmwf nearby Seyfert galaxies. IFU spectra
were taken with MPFS at SAO 6-mt telescope, longslit spewith AFOSC at the 1.8-mt telescope
of Asiago Astrophysical Observatory and the echelle spagtth MagE at 6.5-mt Magellan telescope.
The broad band images were taken with SCORPIO at SAO 6-nsc@be and from the ING archive.
This work is based on: (i) analysis of gas physical propeftiEensity, temperature and metallicity), (ii)
analysis of emission lines ratios, (iii) study of gas andsskinematics, (iv) morphological analysis. We
applied this method to two Seyfert galaxies showing extdrj@elll] emission, NGC 7212, a Seyfert 2
galaxy and MRK 6 a Seyfert 1.5 galaxy. We obtained strongfpwban external origin for the ionized
gas in both cases. This is more likely to occur in NGC 7212 bseat is in a strongly interacting
system, however also in MRK 6 we found hints of a past merges.téik advantage of integral field
data which allow to spatially sample the ENLR itiX1” emission line sub-regions and we selected 12
Seyfert 2 galaxies to perform a statistical study of specwpic properties of a large number of these
regions. From the analysis of about 850 sub-regions wegmbintit that most of them share the properties
generally observed in the NLR of Seyfert galaxies. All thesseilts strongly suggest that particular initial
conditions are mandatory in order to generate a kpc-size.NLR
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Introduction

N this chapter we introduce the scientific rationale and sifiermims of this PhD thesis. The main
topic of this work concerns a spectroscopic study of the iideel Narrow Line Region (ENLR) of
Seyfert galaxies. This is an elongated region of highlyZedigas extended up to 15-20 kpc from the
active nucleus. The first Section is an overview about AdBatactic Nuclei and Seyfert galaxies, the
second Section concerns the properties of the ENLR, andyfihal third Section describes the aims and

methods of this work.

1.1 Active Galactic Nuclei

The Active Galactic Nuclei (AGN hereafter) are among thetrposverful energy sources in the universe.
They are compact regions in the nuclei of galaxies, chaiiaetd by very high luminosity over all the
electromagnetic spectrum: their emission of radiatiomlves radio, infrared, optical, ultraviolet, X-ray
and Gamma-ray bands. These energetic phenomena cannatilingtett to the stars, on the contrary,
it is thought to be a result of accretion onto a supermasdaekthole located in the centre of the host
galaxy. This class includes both bright quasars, with lasity exceeding 10 erg s, as well as
faint LINERs (low-ionization nuclear emission line reg&remitting no more than ferg st. Itis
generally accepted that an object belongs to the AGN famtilgmit shows at least one of the following
characteristic: strong energy emission (betweett 1Q0* erg s); a luminous compact nuclear region;
a non-stellar continuum emission; nuclear emission limekcating ionization by non-stellar continuum;
variability of emission lines and continuum (Netzer 1990).

A classification scheme is shown in Figure 1.1. The princgpdidivision is based on the&y,/Fs
flux ratio: when the ratio is> 10, AGN are called radio-loud, otherwise they are radiegUrry &
Padovani 1995). Within the radio-quiet group we can distisig between Seyfert 1 and QSO on one side
and Seyfert 2 and LINER on the other. Seyfert 1 galaxies helatively low luminosity and therefore
are seen only nearby, where the host galaxy can be resohstdad QSO have higher luminosity and are
seen at greater distances, rarely showing an obvious galaxgunding the bright central source (Urry
& Padovani 1995). Both of them exhibit a strong non-steltartmuum, emitting from far-infrared (FIR)

1
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Sey 1, QSO
RADIO-QUIET Sey 2, LINER (1,2)
NLS1
AGN
BLRG, Quasars
RADIO-LOUD NLRG (FRI,FRII)

Blazars

Ficure 1.1— The scheme of the AGN classification.

to X-rays, low polarization and variability, and strong esion lines (Lawrence 1987). The permitted
lines are broad, with FWHM- 10* km s™%, while the forbidden lines are narrow (FWHM 10° km
s1) (Antonucci 1993). Seyfert 2 galaxies have nuclei with naveak continuum, but strong emission
lines, all of which are narrow, and no variability (Lawrerk®87). LINER represents the least luminous
AGN (< 10* erg s1). Their strongest emission lines are of low ionization speand are somewhat
narrower (200 — 400 knT$) than the narrow lines of Seyfert galaxies (Netzer 1990)eéytiar case are
the Narrow-Line Seyfert 1 galaxies (NLS1), generally chtgdazed by steeper 0.1-2.4 keV (soft X-rays)
continuum slopes than normal Seyfert 1, emission lines firenil or higher ionization iron lines as [Fe
VII] 16087 or [Fe X]16375 often seen in Seyfert 1, and generally not in Seyfei®2)I]/HB < 3, but
the permitted lines only slightly broader than the forbiddmes (Boller et al. 1996). The radio-loud
AGN are commonly hosted in elliptical galaxies. They can lganized into a similar classification as
done for radio-quiet AGN. The counterparts of Seyfert 1 al®80Care the Broad Line Radio Galaxies
(BLRG) at low luminosities and radio quasars at high lumities. Radio loud type 2 AGN are called
Narrow Line Radio Galaxies (NLRG), which include twdfdrent morphological types: the Fanfiro
-Riley type | and Il radio galaxies (FR | and FR II) (Urry & Padmi 1995). The FR | are the lower
luminosity lobe dominated radio sources: they exhibit viextended twin lobe structures, the ends of
which show the steepest radio spectra and appear faintiio neaps. Their lobes are connected to the
central optical galaxy by smooth and continuous doublessjdts. The FR Il are the more powerful radio
lobe dominated sources: their lobefeli significantly from these of the FR | in that the steepestspm
radio emission is found at the inner regions. The ends ofdhed are frequently edge-brightened and
shows hot spots at their outer extremities. Unlike the FRRd,jéts, more collimated and dominated by
bright knots, appear usually single-sided, or, when dquiie side is many times brighter than the other
(Robson 1996). Another class of radio-loud objects existiegally called blazars and characterized
by dramatically fast variability, high polarization, stig continuum and superluminal motions. Among
blazars we can distinguish between sources with broad aodgsemission lines, like the Optically
Violently Variable quasars (OVV), High Polarized Quasa#Q) and Flat Spectrum Radio Quasars
(FSRQ), and those with very weak or absent emission linesHL Lacertae (BL Lac).

At the present, the approximate structure of an AGN is knowme prevailing picture (Figure 1.2),
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Radio Loud
Qs0
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\ v
- v

Radio Quiet
QSO

Ficure 1.2— Structure of an AGN, according to the Unified Model (Antoriu&adviiller 1985; Antonucci 1993).

named the Unified Model (Antonucci & Miller 1985; Antonucc®93), provides for a central super-
massive black hole (SMBH), whose gravitational potentiadrgy is the ultimate source of the AGN
luminosity: matter falling into the SMBH loses angular marhenm through viscous and turbulent pro-
cesses in an accretion disk, resulting into emission ofgisat ultraviolet (UV), soft-X and hard-X ray
wavelengths. Strong optical and ultraviolet emissiondiaee produced in clouds of gas rapidly mov-
ing in the potential of the SMBH, the Broad Line Region (BLRJong some line of sight the optical
and ultraviolet radiation is obscured by a torus or a warpekl df gas and dust, with a radius larger
than the accretion disk and containing the BLR. Narrow eimisBnes are produced in slower moving
clouds of gas, beyond the torus, the Narrow Line Region (NI&R)ng the poles of the disk outflows of
energetic particles form collimated radio-emitting jetsl @ometimes giant radio sources when the host
galaxy is an elliptical, but only very weak radio sources wltee host is a spiral. The plasma in the
jets streams outward at very high velocities, beaming taxdiaelativistically in the forward direction.
This axisimmetric model of AGN implies aftierent aspect at fierent angles: in practice, the observed
apparently disparate classes of AGN can be unified consgi¢hem to have a fundamentally identical
structure seen atflierent orientation (Antonucci 1993; Urry & Padovani 19953yfert galaxies are the
nearest and hence the most throughly studied type of AGNy @leseparated from QSO according to
the definition by Schmidt & Green (1983), which fixes the badide at absolute magnitude gvi= —23.
The main spectral classification into Seyfert 1 and 2 was latproved by introducing the intermediate
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Ficure 1.3— Left: three examples of spectra inykind H3 region for a Seyfert 1 (blue line), an intermediate type Seyf
(green line) and for a Seyfert 2 (red line) galaxy. Rightethexamples of spectra iraH[N II] region for a Seyfert 1 (blue
line), an intermediate type Seyfert (green line) and for@#&e2 (red line) galaxy.

types 1.5, 1.8 and 1.9 which show composite profiles (broadow) in their permitted emission lines
with a progressively decreasing intensity in the broad camept (Figure 1.3). The narrow lines must
be emitted in a region, the already mentioned NLR, in whighdbnsity is low enough that forbidden
lines are not collisionally de-excited and the range ofrimaé velocity is small. Typical values for the
NLR are T~ 10°K and N; ~ 10* cm™3. The mean size and mass are r10?pc and M~ 10° My;
they are derived from measurements ¢f Idminosity. The broad lines are emitted in a region of high
electron density, the BLR, in which all the forbidden lines ao weakened by collisional de-excitation
as to be unobservable and the gas has a large range of intetoaity. Typical values for the BLR are
T~ 10*Kand N; ~ 10 — 10'? cm™3. The mass of the BLR and its size, the latter estimated throug
studies of variability in Seyfert 1 galaxies, are M10°My, and r ~ 3 x 1072 pc (Frank et al. 1985;
Osterbrock 1989). A very important advance in the unificattbthe diferent types of Seyfert galaxies
was the discovery by Antonucci & Miller (1985) that in plapelarized radiation the Seyfert 2 NGC
1068 has the spectrum of a Seyfert 1 object, with brogdartd Fe Il emission. It was the first case of
a hidden BLR, whose radiation is obscured to our line of sight can escape in other directions and is
scattered toward us by free electrons above and below tleeiati®n. In NGC 1068 the position angle
of the plane of polarization is perpendicular to the obsgmesition angle of the radio jets, indicating
that photons escape along the axis of the jets.

1.2 The Extended Narrow Line Region

Contrary to the BLR, which is confined within a parsec far frtme SMBH, and it is therefore not
resolved even by space observations of very nearby AGN, LR Which has a typical extension larger
than 100 pc up to 10 kpcfiers the great advantage to be observed with ground-basstdeks in
nearby galaxies. In fact, during the last twenty years sdveraging surveys have been carried out
through broad-band UBVR and narrow band interference diléefO Il1I] 25007 and H, which have
disclosed blue elongated structures with a conical or eveaorical shape in a handful of Seyfert 2
galaxies (see e.g. Pogge 1989; Mulchaey, Wilson & Tsvetdrd®6; Schmitt et al. 2003) (Figure
1.4). The appearence of one-sided cones is easily unddrgemmetrically. Given the large amounts
of obscuring material that might be present in the host gafaid-planes, only the sides of the cones
emerging more or less toward us from the near side of the latsxigs should be visible (Pogge 1989).
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These structures, later named lonization Cones, are aremtal proof of the validity of the Unified
Model, which predicts an anisotropic escaping of photoomfthe AGN confined in a conical flow by
the optically thick dusty torus. Until now, twenty-five a@inuclei (see Table 1.1), at redshift lower than
0.04, have been discovered to show a bright extended NLEReRifout of twenty-five are Seyfert 2, two
are Seyfert 1.9 and eight are Seyfert 1.5. Summarizing thematogical properties of ionization cones,
we point out that both bi-cones and single (one-sided) carefound, with opening angles, projected on
the sky, ranging between 40° and~ 100°. In the case of one-sided cones, the observed cone projects
against the far side of the galaxy disk, suggesting that ateoicone may be present but hidden by
obscuration in the disk. It may thus be that all cases armgitally bi-conical. When a bi-cone is seen,
the two cones share the same axis. The linear extents of tverkcones lie between 70 pc and~ 20
kpc. The emission line gas in the NLR has a large linewidth HR\of a few hundred kms') and high
intensity; more distant from the nucleus, in the Extended®aline Region, the [O Ill] emission has
typically a lower intensity, a narrower line profile and a #isravelocity gradient. Indeed, the ENLR can
be separated from the NLR on the basis of both its kinematidsspatial extent. The other important
characteristic of the ENLR is the high excitation, with actpem similar to that of a Seyfert 2 nucleus,
which distinguishes it from the regions associated witlaxiclear starbursts (Wilson 1988). Unger et
al. (1987) found that the ENLR emission is highly elongatethwxtremely narrow lines. The orderly,
slowly-varying velocity field suggests that the gas is ugderg normal galactic rotation. The similarity
of the emission-line spectra of the nebulosities to thosgeyffert 2 nuclei strongly suggests that the gas
is photoionized by collimated source of ionizing radiatisapporting the Unified Model (e.g. Antonucci
1993). lonization cones with sharp, straight edges (e.gCI8262, Tadhunter and Tsvetanov 1989; NGC
5728 Wilson 1996) are hard to understand if matter-boundedhge almost certainly radiation-bounded.
The properties of the linear sources and the ionizationspnevide valuable constraints on the nuclear
disks or tori which are presumably responsible for theitimaition. The relationship between these
structures and the disk of the parent galaxy is also relewatite origin of the nuclear disks. Other
arguments, such as those based on the energy balance ofigstoertine gas (e.g. Wilson et al. 1988;
Kinney et al. 1991) often favor an anisotropic source of eackadiation. A dierent interpretation, in
situ ionization of the extended gas by local ionizing shagkg. Sutherland et al. 1993), is possible in
individual cases, but it is unclear how sharp-edged, trigargnorphologies can be accounted for. Most
ionization cones are associated with type 2 Seyfert gadakiethe simplest picture, ionization cones are
not expected in type 1 Seyfert galaxies: assuming the casest from shadowing by the same dusty
torus that blocks our view of the nucleus in Seyfert 2's, tfp8eyfert galaxies would correspond to
cases in which our line of sight lies within the cones. If ttheninated gas fills the cone (ionization-
bounded case), we then expect to observe “halo” morphadgiethe extended narrow line regions in
Seyfert 1's. However there is evidence for ionization coines few Seyfert 1.5-the best case is NGC
4151 (Evans et al. 1993), with NGC 4253 (Mulchaey et al. 1996) MRK 6 (Meaburn et al. 1989)
being possible examples. There are a number of possiblaredbns for the presence of cones in type 1
Seyfert galaxies. The blocking torus could have a lower ileatmosphere and our line of sight passes
through this atmosphere (Evans et al. 1993). The atmosphenevisaged to have a column density
of 10?°-10?! cm~2, which is suficient to be optically thick at all wavelengths between thenay edge
and soft X-rays. The atmosphere can thus collimate theimmizadiation, with our line of sight lying
outside the resulting cones. For normal gas-to-dust ragidgction will not have much impact until gas
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Ficure 1.4— Four examples of Extended Narrow Line Region in Seyfert 2xjab observed with HST. From up-left: NGC
5252 ([O 1], left; continuum, right), MRK 573 (continuunmiorange and [O IlI] in blue), NGC 1068 (UMO I11]) and MRK
3 ([0 ).
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column densities exceed several time$'idn2. Consequently, lines of sight falling within the cones
defined by the shadow of the opaque torus, but exterior toathigdtion cones, will have a relatively
clear view of the central regions; in particular the broax Iregion will still be visible. The gas being
illuminated by the ionization cones could be in a disk-sldapenfiguration. The triangular morphology
of the ionized gas results from the intersection of the iatiim cone with the gas disk. In this case,
“lonization triangles” are expected even when our line ghsiies within the cone of escaping ionizing
radiation (i.e. in Seyfert 1 galaxies). Robinson et al. @98&Xxplain the 25 long emission-line string
seen in ground-based observations of NGC 4151 in terms bfsuncodel, in which the ionization cone
grazes the gas disk. The radiation could not be collimated thysty torus but by a disk-like broad-line
region or a hole in the broad-line region (see Kriss et al.21®% Evans et al. 1993). Alternatively, the
UV source itself could be intrinsically anisotropic radiafMadau, 1988). Projectionfiects can fiect
the observed emission-line morphologies. For sphericaldigtributions, emission-line cones are only
seen when our line of sight lies outside the ionization corfee apparent opening angle of cones with
axis close to the plane of the sky is close to the true opemigteaof the ionizing radiation. However, for
a fixed opening angle of the ionizing radiation, the appaopening angle of the emission-line structure
increases as the angle between the cone axis and the lighbllscreases. This result implies that direct
measurement of cone angles will tend to overestimate tkeepening angle when the gas is more or less
spherically distributed. When the gas lies in a thin disk, ittnizing radiation does not always intersect
the disk. For geometries in which the cones and disk do qvental the gas disk is not viewed edge-on,
“bi-triangular” morpohologies are seen, whether our lihsight lies inside or outside of the cone. When
the axis of the cone does not lie in the plane of the disk, tiseted opening angles are usually smaller
than the true opening angle of the cone. This is the oppokiteedrend noted for spherical distributions.
Projection €fects can thus significantlyffect the morphology of the observed cones and céerdior
different gas distributions. Various works have indicated thatemission from the NLR of Seyfert
galaxies is generally aligned with the radio axes (e.g. Uegal. 1987). The NLR gas is found to be
associated with the linear radio sources on the tens of ppds&ale (e.g. Haffiet al. 1988; Whittle

et al. 1988; Wilson & Tsvetanov 1994). The walls of the torughthbe responsible for collimation
of radio ejecta in some objects. An alternative mechanisexdain the ionization cones suggests that
the radio ejecta plasma acts to scour clear a channel froetiteal continuum source toward the outer
regions of the nucleus, through which radiation may prefiégitly escape along a conical path. Probably
the radiation field is first locally collimated by an obscugritorus, with the radio ejecta clearing away
material in front of the collimated radiation, thus actimgftirther enhance the collimatingfect. In
the absence of a channel scoured clean by a radio-jet it istbamagine that ionizing radiation could
make its way through the interstellar matter (ISM) surrangdhe nucleus and still be able to strongly
ionize clouds many kpc from the nucleus (Pogge 1989). Treeatonnection between the radio ejecta of
Seyfert nuclei and their narrow-line regions (NLRSs) ifitidbecame apparent from their similar spatial
extents and from strong correlations between radio lunitieesand [O 11I] 25007 luminosity and line
width (de Bruyn & Wilson 1978; Wilson & Willis 1980; Whittled85, 1992). Spectroscopic studies of
the NLR (Baldwin, Wilson, & Whittle 1987; Whittle et al. 1988ave revealed that the kinematics of
the gas are often clearlyffacted by the radio jets. Such interactions could play a roteetermining the
structure of the NLR within the region ionized by the nuclelrsa handful of cases, HST has shown a
clear spatial correspondence between the radio and emilss@éodistributions (e.g. NGC 5929, Bower
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Objectname  RA (J2000.0) Dec (J2000.0) z (NED) Seyfert type
MRK 348 00:48:47.1 +31:57:25 0.015034 Sy2
MRK 573 01:43:57.8 +02:21:00 0.017179 Sy2
NGC 1068 02:42:40.7 -00:00:48 0.003793 Sy2
ESO 362-G8 05:11:09.1 -34:23:36 0.015748 Sy2
ESO 362-G18  05:19:35.8 -32:39:28 0.012445 Syl.5
NGC 2110 05:52:11.4 -07:27:22 0.007789 Sy2
MRK 3 06:15:36.3 +71:02:15 0.013509 Sy2
MRK 6 06:52:12.2 +74:25:37 0.018813 Syl.5
MRK 78 07:42:41.7 +65:10:37 0.037150 Sy2
UGC 3995 07:44:09.3  +29:14:48 0.015844 Sy2
NGC 3227 10:23:30.6  +19:51:54 0.003859 Syl.5
NGC 3281 10:31:52.1 -34:51:13 0.010674 Sy2
NGC 3516 11:06:47.5  +72:34:07 0.008836 Syl.5
NGC 4051 12:03:09.6  +44:31:53 0.002336 Syl.5
NGC 4151 12:10:32.6  +39:24:21 0.003319 Syl.5
NGC 4253 12:18:26.5  +29:48:46 0.012929 Syl.5
NGC 4258 12:18:57.5 +47:18:14 0.001494 Sy1.9
NGC 4388 12:25:46.7  +12:39:44 0.008419 Sy2
NGC 5252 13:38:15.9  +04:32:33 0.022975 Sy1.9
Circinus 14:13:09.9 -65:20:21 0.001448 Sy2
NGC 5643 14:32:40.8 -44:10:29 0.003999 Sy2
NGC 5728 14:42:23.9 -17:15:11 0.009353 Sy2
MRK 315 23:04:02.6 +22:37:28 0.038870 Syl.5
NGC 7582 23:18:23.5 -42:22:14 0.005254 Sy2
NGC 7212 22:07:01.3 +10:13:52 0.026632 Sy2

TaBLE 1.1— List of the 25 Seyfert galaxies showing ionization coneRK 6: Ulvestad & Wilson (1984), and Meaburn et

al. (1989), confirmed in this worltNGC 7212 This work.

et al. 1994; Mrk 78, Capetti et al. 1994, 1996; Mrk 1066, Boefteal. 1995; Mrk 3, Capetti et al. 1996;
ESO 428-G14, Falcke et al. 1996), indicating that the ragiota strongly perturb the ionized gas, at
least in these objects. It has also been suggested that tlgafi@ssociated with the shocks generated
by the interaction between the radio ejecta and the ambienium is a significant source of ionizing
radiation (e.g. Dopita 1995; Dopita & Sutherland 1995; Biek et al. 1998; see also reviews in Morse,
Raymond, & Wilson 1996 and Wilson 1996). In objects like Mii35for example (Capetti et al. 1996),
the lobelike radio features are clearly associated wittcaes arcs of emission whose apex lies at the
position of the radio source and which suggests strongly #win Herbig-Haro objects, these are in
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fact bow shocks formed at the working surface of the advancadio lobes. Equally convincing is the
structure of the emission-line regions associated witHe3egalaxies, which shows radio jets, e.g., Mrk
3, Mrk 348 (Capetti et al. 1996), in which the NLR also takes torm of a linear structure that is
essentially cospatial with the radio jet. First, narrowdbdmaging and spectroscopy have shown that in
many cases not only are the physical sizes of the radio steueind the line-emitting gas in the NLR
comparable, but the line-emitting gas also has a tendenbg &longated in the same direction as the
radio ejecta (Wilson & Heckman 1985). Secondly, there arevadalaxies in which discrete velocity
components seen in the [O INB0O07 line profile are closely associated with individualioambmponents

as for example in NGC 5929 (Whittle et al. 1986). The key igsuehether the radio plasma and ionizing
photons are collimated on the same dfatient spatial scales. The most stringent limit on the calliom

of radio ejecta in Seyferts is provided by VLBI observatiahtNGC 4151 (Harrison et al. 1986), which
show that the collimation occurs on a scal@ pc. HST observations of NGC 1068 (Evans et al. 1991),
NGC 4151 (Evans et al. 1993), and NGC 5728 (Wilson et al. 1988ate that the ionization cones
are formed< 20 pc from the nucleus. Both emission and absorption modétseocollimation of the
ionizing photons are consistent with this observatiomaltli

1.3 Aims of this work

As previously seen, twenty-five active nuclei, at redsluftér than 0.04, have been discovered to show
a bright extended NLR. Their very small number could be caibsea selectionféect, since an extended
NLR is visible only in nearby galaxies, or by the absence ajdascale interstellar medium within the
cone of ionizing photons in most of the active galaxies, st their NLR has a very small extension
appearing as a point-like source from ground-based oltgemgaor finally by the necessity of particular
initial conditions able to generate a kpc-size NLR. For epkanabout the third hypothesis, Morse et
al. (1998) argued that the spectacular ionization cones@EN252 were likely to be formed as a
consequence of a merger process with a gas rich dwarf gafexgther merger seems to be the cause
of the ionization cones in the early-type Seyfert 2 galaxyk Kr(Di Mille, PhD Thesis 2007). Other
examples of Seyfert galaxy in which the ENLR is probably ealsy gravitational interactions are NGC
4388 (Yoshida et al. 2002; Ciroi et al. 2003) and MRK 315 (Gatoal. 2005). Recently Fu & Stockton
(2007) were able to study the NLR of the quasar 4C 37.48.(7) and suggested an external origin for
this gas, likely obtained through a merger with a late-typse igch galaxy. Thanks to the Hubble Space
Telescope it has been possible to see in more detail thewsteuaf the ENLR, that appears to be made
of filaments of gas with a complex structure. Indeed a lot objf@ms concerning the ENLR are still
open. Itis important to determine whether ENLR emissiorrésent in all Seyfert galaxies, or whether
it occurs preferentially in particular galaxy types. Thésjuires a deeper search of more objects. Two-
dimensional mapping is required to determine how elongdited&NLR emission is and how closely the
ENLR is aligned with the radio axis. Furthermore, it is stificlear which is the origin of the ionized
gas. Until now a specific research was never really handlashtterstand if the NLR gas is simply
interstellar medium (ISM) belonging to the host galaxy ahdtpionized by the powerful energy source
of the active nucleus, or it is material ejected by the nuléself in strong interaction with radio-jet,
or material acquired directly from intergalactic mediur@ ) or through gravitational interactions with
companion galaxies. These questions are strongly relatétetmechanisms of AGN feeding. Ther are
no specific papers on the ENLR gas origin in literature, sibtenot simple to disentagle among these
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hypotheses.

We present a possible approach to handle the problem of tied¥igin, based on the analysis of the
spectral properties, the kinematics and metallicity ofitmézed gas. We stress that a powerful method
of investigation is the generally called “3D spectroscqopyhich includes integral-field spectroscopy
through arrays of fibers, or fiberenses, or image slicers, and Fabry-Perot spectroscopyghmarrow
band filters. 3D spectroscopy is very suitable for this stgecase, because it gives spectrophotometric
and kinematic information of extended sources, allowingddorm a more reliable analysis ndfected
by the orientation of the spectrograph as in long-slit sppscbpy, and fiering the great chance to map
and model areas of the sky with a size ranging from few arcgpd® an arcmin, depending on the
instrument used. It is useful to perform two-dimensionaseaskiations of the bright extended cones in
nearby Seyfert galaxies, mapping the kinematics and flussratr the emission clouds populating the
NLR of these AGN. Through the analysis of these data we expeardd a significant contribution to the
general understanding of the ionization cones structudgpaigsical processes at work within them.

Understanding the physical processes occurring in the NL#®i a simple question, but it is impor-
tant because it can be related to the gas origin. This godd dmuachieved by means of spectrophoto-
metric technique. Optical spectra of the NLR show seve@mination, forbidden and semi-forbidden
emission lines. In particular, in optical the recombinatimes are emitted by hydrogen and helium,
while forbidden lines are emitted mainly by oxygen, nitrogend sulphur. Calculating and plotting
emission line ratios between forbidden and recombinaiimeslor between forbidden lines, like for ex-
ample [O 111] 5007HB, [N 11] 6584/Ha, [O 11] 3727/[O I1I] 5007 ratios introduced by Baldwin, Phillips
and Terlevich (1981) and by Veilleux and Osterbrock (198i7hieir famous BPT and VO diagnostic
diagrams, allow to clearly distinguish between ionizatiyna thermal continuum, by a power-law con-
tinuum or by shock waves. In particular, in these diagram&NAe well separated by Hii regions and
supernova remnants, showing gas with higher ionizationededrhe mechanism which is believed to de-
termine the emission in the NLR of AGN is the photoionizatimna power-law continuum. Indeed, the
emission line ratios suggest that the spectral energyitaistsn cannot be thermal, since a large amount
of high energy ionizing photons are necessary to produaeiatspecies like e. g. [O Ill] or [Ne Il1],
which require energies larger than 50 eV, that is photons@fxtreme Ultraviolet spectral range and
beyond. Analysis of the NLR physical conditions as a funttid the distance from the nucleus suggest
that the ionization parameter, adimensional quantity rgivg the ratio of the ionizing photon flux to
the hydrogen density, decreases outward in most of the.ca$es confirms that the dominant source
of ionization is the nuclear one, since the emitted photeaggaometrically diluted during their spread
through the NLR clouds and the lower is the ionization flux, libwer is the gas ionization degree, and
the ionization parameter, which assumes typical valuesmies103. The detection of forbidden lines
like [O I1I] 4959,5007, [O 1] 3726,3729, [N 1] 6548,65845[1l] 6716,6731, etc. is a strong indication
that the NLR is a relatively low density medium, with expecta@lues around f0- 10* e cm3, and
therefore the [O 111] 495950074363 ratio can befiectively used to determine the temperature. In fact,
high densities would suppress [O I11] 4959,5007 with respe¢O 1111 4363, which has a higher critical
density (N, ~10” cm3). Typical temperature values measured for the clouds dflttR are in range 1 —

2 x10* K. This is also a proof in favor of the photoionization medsam since the collisional excitation
of the forbidden transitions cause the radiative coolinthefgas, which keep the temperature within the
above mentioned range. Otherwise, to produce [O Ill] by ree#rcollisional ionization, temperatures
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larger than 0.5 — ¥10° K are required. Studying in detail the gaseous properti¢iscokLR as a function

of the distance from the nucleus, it is frequent to find a haghzation degree even several kpc far from
the ionization source. This is unexpected and strongly estggthat additional ionization mechanisms
should occur in the NLR. Several authors invoked tfiects of shock waves (see e.g. Viegas-Aldrovandi
& Contini 1989, or Dopita & Sutherland 1995): a fast radiatshock compresses and heats the gas to
temperatures of about 46 10/ K, which diffuses UVsoft X-ray ionizing photons from the hot post-
shock region; the photons moving upstream encounter tislpc& gas and produce a precursor ionized
region with a temperature of some*1K. Let us consider an outflow process at velocity=/500 km
s™1. The mass of the ionized gas involved can be roughly estirateneans of the reddening corrected
luminosity of H3 emission line and the electron density. By assumigg-r00 cnT® and the case B
recombination at 10K, and taking into account that typical values of |gHre 18° — 10*2 erg s1, we
obtain about 10— 10 Mg, which implies a kinetic energy of 29— 10°° erg. Now, if the NLR has a
size of 1 kpc the dynamical timescalgtwill be 1P yr and the input momentum rate of the ionized
gas 162 — 16°® dyn. If we compare this value with the input momentum rateseduby the accretion
onto the SMBH , we obtain that an accretion rate®:9 1 M, yr~! can sustain an outflow of gas with
these assumed properties. Such accretion values arellymbaerved in Seyfert galaxies. We must
take into account that outflows are not exclusiviees of the AGN accretion mechanism, since also
starbursts can be drivers of this phenomenon. In particiniarase of star formation, by estimating the
rate of momentum injection into the circumnuclear envirentrfrom SNe and stellar winds (Veilleux et
al. 2005) for solar metallicity, it is easy to verify that afSBetween 0.1 and 10 Myr~! can also sustain
the outflow of gas of this example. But we cannot forget thateimission line ratios of the NLR indicate
mostly AGN ionization. Moreover, nuclear starburst outfosre observed to be oriented orthogonally
to the galactic plane, while AGN outflows are randomly orehtsince the torus axis is in general not
aligned with the axes of the host galaxy.

The diferent origin of the NLR gas is expected tibezt the kinematics of its ionized clouds: in case
of host galaxy ISM, the kinematics of the ionization coneguith be dominated by rotational velocity
driven by the gravitational potential of the galaxy, whitecase of material ejected by the nucleus or ac-
quired from outside, the inflowutflow processes should generate one or more significantatational
components. Mrk 573, for example, shows an extended NLRdlahan 4 kpc) whose external side
follows a smooth velocity field with very narrow emissionds) while the internal side is characterized
by very disturbed kinematics with much broader emissioadiaspecially in the areas where the radio
ejecta lobes are located (Ferruit et al. 1999). Non-circalations have been detected by us in the
extended NLR of Mrk 3 up te-3 kpc from the center, both with low-resolution integraldispectra
(~500 km s1) and with high resolution long-slit spectra40 km s1), by means of which at least three
independent components could be fit to the [OABPO7 lines (Di Mille PhD Thesis, 2007). Fabry-Perot
observations of NGC 4388 revealed the presence of a bipatflow in the ionization cones (Veilleux
et al. 1999). Indeed, Ciroi et al. (2003) showed that its B&\est cone is characterized by a mixture
of low density colliding clouds and that the high ionizatioinserved in the outer edges can be explained
by a combination of photoionization and shock. Ciroi et &005) detected in Mrk 315 an extended
region (up to 7 kpc) of highly ionized and collimated gas nmgviadially at high velocity £ +500 km
s1) with respect to rotation of the galaxy and producing cle@eats of gas compression and shock
ionization. More recently, Smirnova et al. (2007) by meahpamoramic 3D spectroscopy discovered
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that the NLR of the Seyfert 2 galaxy Mrk 533 is composed of asiéwo (probably three) kinemati-
cally separated regions. In particular, they detectedifséch outflows having dterent velocities (from
20-50 km st to 600-700 km ), at diferent radial distances-2.5 and~1.5 kpc), and with the faster
outflow corresponding to the position of the observed raelio Spectral emission lines of NLR show
Full Width at Half Maximum (FWHM) typically ranging from 200p to 800 km s'. A few AGN show
even higher FWHMs, which can reach 1000 km.sThe widths of these lines cannot be afeet of
atomic thermal motions, because in this case the Dopplederang would require temperatures around
10°-10’ K, which are not observed. The ratio between the FWHM of NLRssiun lines and the total
velocity range covered by the ionized gas, was used to gieeighrmeasure of the relative importance
of turbulent velocities to large scale motions. Valuesdattpjan 1 were found by Durret & Warin (1990)
in 12 out of 20 nearby AGN with extended NLR, and were inteignfeas accreted matter not yet on
stable rotating orbits. The emission from the NLR of the 8ayjalaxies is generally observed aligned
with the radio axes. The NLR gas is found to be associatedthvittilinear” radio sources on tens of pc
to kpc scales. Bow shocks or cocoons driven by a radio jet ceelerate the line emitting gas to 100
— 1000 km st. In this case, the gas is shocked by the expanding jet and seraba clear kinematic
and morphologic association between radio and opticalsomigegions. It is well known already from
medium resolution spectra (R 1000 — 5000, corresponding to 60 — 300 km)shat high excitation
emission lines, like [O 111] lines in the optical domain, sh@ften asymmetric profiles with clear blue
or red wings, which indicate the presence of additional iiatcal components in the NLR. Therefore,
there are strong evidences that the NLR is made by sevemnktic components moving radially in-
ward or outward. Scanning Fabry-Perot observations haeady demonstrated their capability when
the emission line profiles have to be studied in detail. Unfuately they are limited by a very small
spectral range and by time consuming observations causéldebscanning procedure. Integral-field
spectroscopy is favourite, but it does not generatfgra high resolution. In addition it is mandatory to
have a velocity field of the stellar component of the host)galsince this is the only way to understand
if the gas is following the gravitational potential of thestoor if it is decoupled showing for example
counter-rotations which are generally ascribed to aammaif matter from the surroundings of the galaxy.

Estimate the metallicity of the NLR is a key point because feeding process of the SMBH is
expected to influence the chemical conditions of the hostxgaFor example, if the gas is accreted from
the non-processed ISM of a nearby galaxy or from the inteagial medium, we should measure sub-
solar metallicity, while in case of gas processed by stdmnigéng to the host galaxy, it should be solar or
super-solar. Unfortunately, the metallicity determiaatin AGN is not simple as in case of Hii regions,
where there is a good understanding of the ionizing souresse(itially O, B stars), photoionization
models treating the physics of these regions are quite adesitloped, and therefore the correlation of
emission line ratios with abundances in Hii regions is reabte. On the contrary, in AGN the situation
is markedly dfferent, because the ionizing source is not as well undersiud has a much greater
range in luminosity. The ionizing spectrum is also hardantthat produced by stars, and shocks are
also more likely to contribute to the ionization state. Aldw shape of the AGN ionizing continuum and
the density distribution of the clouds are generally unkmowherefore, in the past observations of the
circum-nuclear and extra-nuclear Hii regions were prefiand the nuclear abundances were obtained
by means of extrapolation to the center of radial abundanofigs. Results from these and previous
works show for Seyfert 2 and LINER nuclei a clear overabundanf oxygen (up to 2-3 times solar)



1.3. Aims of this work 13

and of nitrogen and sulphur (up to 4-5 times) (Storchi-Beagmé& Pastoriza 1989, 1990). Nevertheless,
we mention that Komossa & Schulz (1997), following &e&lient method, have found that the oxygen
is underabundant by a factor e2, while the NO ratio is a factor 1.5-2.0 above the solar value. This
observed O overabundance is expected in case of enrichment by ret@@htisst episodes associated
with AGN. The bursts could be triggered by gas moving towaelruclear region and falling onto the
accretion disk around the black hole, modifying therefdre ¢hemical abundances of the host galaxy
(Matteucci & Padovani 1993). Oliva et al. (1999) derivedaiale metallicities in Circinus galaxy by
applying grids of photoionization models to spectra ingigda large number of line ratios. Even if
they show that a degeneracy exists between the continuupe stmal the density distribution of ionized
gas, the use of combined optical and near-infrared emidsienratios allows to successfully constrain
gas elemental abundances regardless of the assumptidnsl bied photoionization calculations. More
recently, Groves et al. (2006), applying dusty, radiatioespure dominated models to a large sample
(~23000) of Seyfert 2 galaxies observed by SDSS were able t@fitydd0 active nuclei with sub-solar
metallicity, confirming that most of the AGN at least in thedbUniverse seems to be characterized by
solaysuper-solar metallicities.

In this work, we tried to tackle the open question about thgimrof the NLR gas in AGN. This
topic has been handled byfiirent authors on single-case objects or list of objectshéutr systemat-
ically analyzing diferent aspects of sample of targets. We showed here a possitied to investigate
this issue, making use of a modern investigation techniqalled integral-field spectroscopy. The 2D
spectroscopic data must be analyzed with photometric amgklid data in order to better understand
the properties of the objects. The ensemble of all thesenrdtion is expected toffer a clue to the
physical conditions which lead to the formation of the NLRJan the extended NLR. In Chapter 2 the
basic characteristic of 3D spectroscopy are describedjatarproperties are listed and the reduction and
analysis procedures are explained. In Chapter 3 and Chépterapplied the just mentioned analysis
to two Seyfert galaxies, NGC 7212 and MRK 6, respectively. stuelied in detail the ENLR gas of a
type 2 and of an intermediate type Seyfert galaxy, findingathlzases that the ionized gas has probably
an external origin. In Chapter 5 we focused on the structndepaoperties of sub-regions of ENLR, by
means of integral field spectra of a sample of 12 nearby Se¥fgalaxies. In Chapter 6 we summarized
and discussed our results.






Data reduction and analysis

BEING interested in studying ionization cones, we need to map taseatended field and to collect
spectroscopic information in the whole area. In this cagegral field spectroscopy (IFS) is a very
powerful method of investigation: it permits to obtain sitaneous spectra over a two-dimensional field
(e.g. Bacon et al. 1995). The data are in three dimensiorsspatial &, 6) and one spectrallf, in
contrast with the usual longslit aperture technique, wisdimited to only one spatial dimension, along
the slit. Regardless of the method used to obtain the datdinthl product is a data-cube, with axes of x,
y (or RA, Dec; the two spatial axes) and wavelength (or veéd¢see Figure 2.1).

In this chapter the basic characteristic of IFS are expthimeir data properties are listed and the
reduction and analysis procedures applied to IFS data azibed.

2.1 Integral Field Spectroscopy

The recording of the spectrophotometric information coht# celestial objects is, in the general case,
a three dimensional problem (x, 3). However, present detectors are of a two-dimensionalreatnd
this explains the still prevalent use of classical longstiectrographs, despite total loss of one of the
spatial coordinates (across the slit width) and becauskeaf perfect geometrical match with available
digital detectors. Traditional spectroscopy is based spetising the image of a slit (single or multiple)
so that a spectrum is produced for whatever fraction of tiet firom the target of interest falls within
the aperture defined by the slit. While this is satisfactanyrhany applications, it makes poor use of
the incident light when the object is extended, eithermsidally or due to poor seeing andfi&rs from
wavelength-dependent slit-losses due tdedéential atmospheric refraction (DAR). In these casestwha
is really required is to record a spectrum from each part @édaended object. This cannot be done with a
longslit except in one dimension defined by the length of tiheMoreover, seeing and sky transparency
may change from one long slit exposure to another, posslgihg to errors when comparing the data.
IFS avoids this restriction by decoupling the slit widthrfrahe field shape reformatting a two-
dimensional field into a linear pseudoslit. Most of the adagas of the IFS technique are direct conse-
guences of the simultaneity when recording spatial andtsgdénformation. The simultaneity not only

15
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Spectral slice showing the
e entire

Ficure 2.1— The final result obtainable with IFU data: the datacube. Indyaxes there are the spatial coordinates, so the
green extracted slice is an image obtained by integratia®h spectrum in a well defined spectral range. The z axis is the
dispersion axis, along this direction, we can see the 1Dtspamf each fiber or aperture.

implies a more fficient way of observing but, more importantly, it guarantaegreat homogeneity in
the data, because the data are collected in the same cosditimbservations. So, accurate centering
in the slit and to adapt the slit width (spectral resolutitmjhe seeing conditions are no longer needed.
Furthermore the atmospheric dispersidfeets can be corrected without loss of light by manipulation
of the datacube. The global velocity field is recovered withmas imposed by the observer’s choice of
slit position and orientation. The main limitation is theahiield of view (f.0.v), ranging from several
arcsec (e.g. PMAS) to about one arcmin (e.g. VIMOS), smatligared to the typical f.o.v. of some ar-
cmins of longslit spectrograph, but it is enough for manyetypf objects (Vanderriest, 1998). The small
field of view implies that in order to map more extended regaiomumber of exposures withfterent
pointings must be mosaiced.

The term 3D spectroscopy is used to indicate any technicateptibduces spatially-resolved spectra
over a two-dimensional field. Integral field spectroscopthét subset of 3D spectroscopy in which all
the data for one pointing of the telescope are obtained samebusly. The other methods, such as Fabry-
Pérot Interferometry (FPI) and imaging Fourier transfapectroscopy (IFTS), use the time domain to
step through wavelength space (or a Fourier conjugate). Fbey-Pérot scanning allows a large field
of view (e.g. 5 arcmin) to be surveyed at high spatial resmiuin a single exposure but only at a single
wavelength so that the required data volume with axes kadb&l x-position, y-position and wavelength
must be built up by scanning through the desired waveleragige. This technique can achieve a very
high spectral and spatial resolution and high throughpustadrcally, Fabry-Pérot scanning have been
less popular than the other IFS techniques because it hesdoextremely dficult to perform accurate
flat-fielding and flux calibration of the data. Another meth®they-scanning longslit in which the 2D
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spatial information is obtained by stepping the positiorhef slit in order to map all the field, but this
process is slow and time-consuming, since tfieative exposure time is multiplied by roughly the ratio
of the object size to the width of the slit.

All these techniques use the time as the third dimensionhénsense that they require repetitive
integrations to obtain full spectra. Therefore, obseoretiwith such methods fer a lot from varying
atmospheric conditions and high quality spectra for fabjects are almost impossible to record (Eisen-
hauer et al. 2000). Nevertheless a wide field can be coveredeipointing, in contrast with IFS, which
encodes all the spectral and spatial information in the saxpesure but in a smaller field of view for a
given detector format.

2.1.1 IFS configurations

An integral field spectrograph consists of two componertis: Spectrograph and an integral field unit
(IFU). The IFU divides the 2D spatial plane into a continu@usay. Each spatial element of an IFU
is called spaxel, this term is used to distinguish betweepatiad element on the IFU and a pixel on
the detector. Several approaches to IFS have been develsped-igure 2.2), based on the use of
optical fibres to transform the bidimensional field into ayzkeslit at the entrance of a classical longslit
spectrograph (e.g. Vanderriest & Lemmonier 1988; Barden &&/1988; Arribas et al. 1991), a
microlenses array as a spatial sampler (e.g. Courtes 1®8Bacon et al. 1995), micro-mirrors (e.g.
Weitzel et al. 1996; Content 1998), or mixed solutions (Algngton-Smith et al. 1997).

Historically, the first one to be employed, chiefly by the Lygnoup (Courtés et al. 1988; Bacon et
al. 1995), uses an array of lenslets to segment an image dobméhe telescope and produce separate
images of the telescope pupil. These images are dispergbe bpectrograph into several spectra which
would overlap unless the direction of dispersion is altaredvoid the principal axes of symmetry in
the lenslet array. This technique allows the input imagedasémpled contiguously, the throughput
and spectral resolution can be optimised, but the length@&pectrum that can be produced without
overlapping is very small. The maximum length of a spectrsideitermined by the ratio between the size
of the pupil image and the spacing between the subimaged,lixthe element size. This system, which
does not make optimal use of the detector surface, becaeskapsy between spectra must be strictly
avoided through the provision of unilluminated pixels be¢w spectra, is best suited to applications
where a long spectrum is not required, such as studies negjéither low spectral resolution over a
large wavelength range or high resolution over a small veangth range. Examples include studies of
the individual absorption lines in galaxies (e.g. to obfaitices for abundances analysis) or kinematics
from single absorption or emission lines (Allington-Smé&hContent 1998). Recent examples of such
an instrument include SAURON (Bacon et al. 2001) at the WfilliHerschel Telescope (WHT), OASIS
(McDermid et al. 2004) at the Canadian-France-Hawaii Telpe (CFHT), OSIRIS (Larkin et al. 2003)
at the Keck Observatory, and Kyoto 3DII (the Kyoto tridimiemsl spectrograph I, Sugai et al. 2006)
at the Subaru Telescope.

The second approach uses a fiber array, this is currently téis¢ common technique in use. Optical
fibers arranged in a close-packed bundle at the telescops, fivansfer the light of the input image to the
slit of the spectrograph. The flexibility of the fibres allotiee roundgrectangular f.o0.v. to be reformatted
into one (or more) “slits”, from where the light is directemlthe spectrograph; the spectra are obtained
without wavelength shifts between them, resembling a litngisectrum. Because of the linear format,
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FiGure 2.2— A clear scheme of the three main IFS configuration: the Iemglepper-line), the lensletfiber (middle-line)
and the slicer (lower-line). For each configuration, the wayhich the f.o.v. is sampled, the spectrograph input, doed t
spectrograph output are shown. All these techniques finedlylt in a datacube.
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the spectrum can be as long as the detector size allows. dtisifjue requires less dead space and
hence has the potential to increase the information denBity main disadvantage of this system is the
filling factor: the geometrical fraction of the field thatrsanits light. It is directly related to the diameter
of the fiber core and the outer diameter of the fiber, it is tgihjcno greater than 63-75%, when the
system is used in the optical wavelength range (Allingtomts & Content 1998). Other disadvantages
of this technique are that the sampling of the sky is not gaoiatiis since there are gaps between the fibre
cores and that the fibres do not worigently at the slow focal ratios at which most telescopeskwor
resulting in focal ratio degradation (FRD). A clever modifion of the previous principle uses a lenslet
at the input of the fibers. The input lenslets provide bettatcining between the fiber and the telescope.
In this way, all the light collected by each lenslet is foaliggto the fibre. An additional benefit of this
variation is that the microlenses slow the telescope foeahfy minimising the FRD. Since the lenslets
form a two-dimensional contiguous array, the advantage fitver-only IFUs is that the filling factor is
maximized, but there is the disadvantage of greater matwfag difficulty. In particular, the lenslets
must be accurately registered with the fibers to avoid trésson loss due to a displacement between the
pupil image and the fiber core (Lee et al. 1998, Allington-®ndi Content 1998). The first instrument
with this kind of configuration was the MPFS (Afanasiev et 2001) for the Russian 6-m telescope.
Other optical instruments are GMOS (Allington-Smith et &P97) for the Gemini telescope, PMAS
(Roth et al. 2005) installed at the Calar Alto Observatol|FBAL (Saunders et al. 2004, Kenworthy
et al. 2001) at the Australian Astronomical Observatory BWMACS-IFU (Schmoll et al. 2004) at the
Las Campanas Observatory. Near Infrared (NIR) instrumiectade SMIRFS (Haynes et al. 1999) at
the UK Infrared Telescope and VIMOS (Le Fevre et al. 2003hat\{LT. Future instruments include
the Gemini Planet Imager (GPI) at the Gemini telescope aadBtBERE-type IFS of the Planet Finder
SPHERE for the VLT.

Another technique, which is especially applicable to wergths beyond 1.8m, where instruments
must be cooled to reduce their thermal background, is to msmage slicer employing only reflective
optics. This technique was pioneered by MPE with the 3D spgph (Weitzel et al. 1996; Krabbe
1997) mounted at the Anglo-Australian Telescope (AAT).Trhage formed by the telescope is incident
on a mirror that is segmented in thin horizontal sectionssistimg of a number of narrow slices. Each
mirror slice is set at a slightly fierent angle so that the diverging beam from each slice exésltterent
direction. A second segmented mirror is arranged to refotheaslices so that, instead of being above
each other they are now laid out end to end to form the slit efsfpectrograph, actually a virtual slit.
So the overall fiect is to rearrange the rectangular field into a long thin fielte up of all the slices
arranged end to end (Allington-Smith & Content 1998). Theémaalvantage of this system is that the
reflecting optics make it suitable for use in cryogenic imstents. Another important advantage is that
full spatial information is maintained along the slit. Fagtmore with this technique the FRD is avoided
and the slicing arrangement gives contiguous coverageedidld at potentially high spatial resolution.
The disadvantages are that it is hard to make the design ditmepaith existing spectrograph designs,
and that the optical system might be bulky anfficlilt to fabricate. Furthermore there is a shadowing
effect at the step of the first mirror, which leads to unavoiddiglet losses and increases with smaller
mirrors and a large field of view (Eisenhauer et al. 2000). &kisting optical instruments are ESI
(Sheinis et al. 2002, 2006) at the Keck Observatory and thaeWield Spectrograph (WiFeS) (Dopita
et al. 2007) at the 2.3 mt telescope of the Siding Spring Q@asety. Future optical instruments include
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MUSE (Bacon et al. 2004 and reference therein) at VLT. BExish IR instruments include PIFS (Murphy
etal. 1999) at the Palomar Observatory, UIST (Ramsay Howadt 28006) at the UK Infrared Telescope,
NIFS (Mc-Gregor et al. 2003) and GNIRS (Allington-Smith ét 2004) for Gemini telescope, and
SPIFFI (Eisenhauer et al. 2003, Iserlohe et al. 2004) and~-SMI (Eisenhauer et al. 2003, Bonnet et
al. 2004) for VLT. Future NIR instruments include KMOS (Spias et al. 2004) for VLT, FRIDA at the
Gran Telescopio Canarias (GTC), MIRI a multi-mode instratite be used on JWST and METIS that
is the proposed mid-IR instrument for E-ELT.

An alternative to image slicers is a hybrid between a lerasliety and image slicer system a micro-
slice system (Content 2006). The aim is to get the large nummibgpaxels of a lenslet array with the
efficient packing of spectra obtainable with a slicer. The @&miuis to make the lenslets so that they
emulate a slicer. This uses lenslet arrays to divide the fielD and allow each pupil image to be
replaced by a slice which contains spatial information glda length. The first lens array would be
made of rectangular lenslets (the microslice) so that mé&ion in the spatial direction is not lost. Then
a second array reimage the microslices on the spectrogngphfocal plane again to maintain the spatial
information that is lost if the pupil is imaged instead. Tkdgo demagnify the images to leave space for
dispersion. A third array would reimage the pupil at the sieggaph stop. This provides many of the
benefits of the image slicer in terms of reducing dead-spateden spectra, but not to the same extent
because the spectra are distributed over a 2D field and pgemiast be avoided since the wavelengths
are not continuous between slices.

An important development of the basic IFS concept is theipiaw of multiple, independently de-
ployable, IFUs called multiple integral field spectroscofithough it is possible to devise multiple IFUs
using an image slicer approach, it is relatively straighwird to design a system using the fiber-lenslet
technique. In such a system, a conventional pick-and-pialoet would be used to position bundles of
fibers coupled to lenslet arrays as required. Clearly thebmurof elements within each integral field
subunit is limited by the area of the spectrograph’s detedtogeneral terms, the minimum field size
of each subunit should be a few arcieto compete with slit spectrographs with sub-arcsecord sli
width. Adopting a design similar to that proposed for the GM{BU, a total (non-contiguous) field of
60 arcset could be divided into 20 units, each with a field of 3 aréssampled at0.2 and containing
~100 elements (Allington-Smith et al. 2002).

The diferent method of IFS can be compared. It can be seen that infieges approach the the-
oretical maximum performance. Fiber systems arefiasient in terms of specific information density
(SID) as lenslet arrays but slicer systems are much m@ieent than either. The microslice IFUfers
a compromise between the excessive numbers of unique cemizoend performance which may prove
suitable for wide-field surveys with IFS. The fiber-lenslettinique provides significant benefits over
lenslet-only systems (e.g. SAURON, Bacon et al. 2001) imgeof the diciency with which the de-
tector surface is addressed and of the length of spectruncanebe obtained without overlaps between
spectra. It ensures that the field is contiguous, with udihdjlfactor, and maximizes throughput by
optimal coupling to both the telescope and spectrograph.

2.1.2 IFS scientific applications

IFS can be used to study extended objects, like galaxiesfestaing regions, planetary nebulae, etc.,
to search for emission-line sources and obtain spectravefaeobjects in very crowded fields (Parry
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1998). Any astronomical object for which spatially resalve&pectroscopic information is required is
suited for study with IFS, for example:

- Pre-main sequence objects: e.g. UBUKIRT for a study of stars in the Braid Nebula star
formation region in Cygnus OB7 (Aspin et al. 2009); a studiginematics and physical conditions
of HH110 an Herbig-Haro object in Orion with PMAS (Lbopez €t2010).

- Resolved stellar populations: e.g. PMAS for a study of theihous HII regions in M33 (Relafio
et al. 2010); NIFS for studying the central arcsecond of cachplliptical galaxies (Davidge et al.
2008).

- Normal Galaxies: e.g. SINFONI for a study of the morphol@mnd kinematics of nuclear star
formation rings (Boker et al. 2008); Kyoto3DII for a studfearby E-A (post-starburst) galaxies
(Goto et al. 2008); SAURON for a study of the stellar kinemstof elliptical and lenticular
galaxies (Emsellem et al. 2004).

- Active Galaxies: e.g. INTEGRAL to characterize the cemegions of the Seyfert 1 radio galaxy
3C 120 (Garcia-Lorenzo et al. 2005); GMOS for studying tledlat kinematics of the nuclear
region of active galaxies (Barbosa et al. 2006); PMAS toysthd extended Lyr emission around
bright quasars (Christensen et al. 2006).

- Groups and cluster of galaxies: e.g. Kyoto3DlII for studyihe metal enrichment in the starbursts
of an interacting galaxy system (Sugai et al. 2004); VIMOSttaly the difuse intracluster light
in the galaxy cluster Abell 2667 (Covone et al. 2006); VIMQS & study of the morphology,
kinematics and ionization state of the extended emissimnregion surrounding the radio source
PKS1932-46 (Inskip et al. 2007).

- High redshift galaxies: e.g. SINFONI for a study of the timta curves and dynamical evolution
of UV-selected galaxies atz 2 (Forster Schreiber et al. 2006); the SINS survey with SINIF
to study the rapid secular galaxy evolution at 2 (Genzel et al. 2008).

- Gravitational lensing: e.g. PMAS for integral field speginotometry of gravitationally lensed
QSOs (Wisotzki et al. 2004); INTEGRAL for a 2D spectroscofpyhe gravitational lens system
Q223#0305 (Mediavilla et al. 1998).

2.1.3 Recent developments

Integral field spectroscopy (IFS) has increased in impogaas the use of large telescope apertures al-
lows high signal-to-noise ratios to be obtained despiteditision of the integrated light from discrete
sources in both the spectral and (two-dimensional) spdtiadains. Thus spatially resolved spectroscopy
can be attempted even for faint, distant objects (e.g. Beegr et al. 2004; Bower et al. 2004). Im-
provements in image quality through adaptive optics (AG) acrease the relevance of IFS by allowing
the dfective use of IFS on extremely large telescopes (ELTs). Akgtyumental ability for ELTs will be
multiplexed IFS. IFS near theftliaction limit is a key technique for the study of intermedibtack holes

in dense star clusters and in resolving stars in extragalagstems where the combination of spectral
and spatial information helps to overcome confusion. Atdifiaction limit even modest fields of a few
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tens of arcminutes contain 30 spaxels, and it is not feasible to sample the whole field samet
ously. Instead a number of sub-fields of a few arcsecondsbeilielected for high resolution imaging
or IFS. This puts an even greater emphasis on performance gie total numbers of spaxels must be
greatly increased to provide both a useful field for each 1§y (20.05¢ ~ 2000 spaxels) and a useful
number of sub-fields (say 50, requirirgl0° spaxels in total). There are two main technologies under
development to do this: articulated arms (Sharples et @4P6ach of which relays a small field to a
fixed IFU; or an array of “beam-steering” mirrors which subdés the field and relays a portion of it to
an IFU. An alternative technology is to use fiber-based IFlk @& pick-and place robot (Pasquini et al.
2000). The problem of addressing the large number of datplsanivolume elements, voxels) making
up a datacube obtained via a 3D technique with a finite numbdetector pixels is well known (e.qg.
Allington-Smith 2006). At the diraction limit, the number of potential spaxels availablahat focal
surface is~ 10, requiring~ 10 voxels, each of which should be addressed by at leasefctor
pixels for optimum sampling at the Nyquist-Shannon limihisTimplies an unfiordable detector array
of 10’ x 10’ pixels. Since this will exceed the detection capabilititamy realistic instrument, the field
must be dilutely sampled by a factor £0- 107 to extract spectroscopic data from selected regions of
interest. This can be achieved by directing light from méeab-fields into a number of spectrographs
which may be independently optimised as required. An exanspthe pick& scheme used in KMOS
(Sharples et al. 2006) in which 24 sub-fields of a few arcsedaected by articulated arms containing
an optical relay to fixed image slicing integral field unitsJis) and from there into three spectrographs.
Each sub-field covers roughly 400 spaxels and 400000 vosels(* spaxels and 10voxels in total
equivalent to a dilution factor of 3 x 1078, The scientific return will be maximised if the sampling
pattern provides an adaptable combination of separategbamtient spaxels and larger contiguous sub-
fields, seamlessly combining integral-field and multipbgeat spectroscopy. This is called Diverse Field
Spectroscopy. Diverse Field Spectroscopy allows the gbs¢o target only the interesting bits so that
the spectrograph’s capabilities are used méstcévely. The instrumentation needed for DFS is illus-
trated by the Celestial Selector concept which uses massiv®lothic fibre bundles and networks of
optical switches to select the desired parts of the field ard the light to the slit of the spectrographs
(see Figure 2.3). The celestial selector simply routestiligiot from the telescope focal surface to one of
a number of outputs which feed spectrographs optimisediftardnt types of spectroscopy. The concept
consists of an input fibre bundle with a very large number oftstbroadband fibres in a single mono-
lithic unit, an array of optical switches which either petsniight from selected inputs to go through
to the output or redirects it into an available output chnaed a set of output bundles containing a
much smaller number of fibres feeding a variety of spectiguga Although envisaged here as a fibre
system it is possible to consider an alternative realisatiavhich either the input or output fibre systems
are replaced by direct optical feeds. An earlier exampleuohsa system is the Honeycomb system of
Bland-Hawthorn et al. (2004) in which output fibre bundles plugged into a very large lenslet array.

2.1.4 MPFS

In this work we analyzed integral field data obtained ifiedent runs of observations at the 6-mt telescope
of the Special Astrophysical Observatory (SAO RAS) in Raiggith the Multi Pupil Fiber Spectrograph
(MPFS). The MPFS (Afanasiev et al. 2001) is the Russianunstnt to perform IFS with a lenslet-
array+optical fibers configuration (see Figure 2.4), designed anetldped by the Spectroscopy and
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Ficure 2.4— The configuration lenslet array plus optical fibers (AllimgtSmith & Content 1998).
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Ficure 2.5— The MPFS optical layout: the 256 optical fibers, connectethéoarray of microlenses, are rearranged into a
pseudoslit.

Photometry Laboratory of the SAO and mounted at the primacyg of the BTA, the 6-mt telescope,
located near Mt. Pastukhova (Caucasus) at an altitude & 20above the sea level. The MPFS is based
on a matrix of contiguous microlenses which decomposeatlhge of an object into a definite number
of micro-pupils. The array has ¥86 lenses, each lens is directly connected to its fiber, wtaches the
incoming signal, and all the fibers are rearranged into adussit (see Figure 2.5). This integral-field
unit takes simultaneous spectra from 256 spatial elemdthis.field of view is 16x16” with a spatial
sampling of 1'.

2.2 Spectroscopic Data

The aim of this work is to carry out an integral-field specataysc study of few nearby Seyfert 2 galaxies
(z < 0.03) with possible ionization cones or at least extendedI[@mission, taking adavantage of the

MPFS in order to map the emission and investigate the pHyaichkinematical properties of the ENLR

gas. We extracted the targets from the literature lookiri@ li] emission line images obtained from the

HST snapshot survey by Schmitt et al. (2003), selecting lijects showing elongated [O I11] emission.

We stress that in several cases the NLR size seems small amichéiple not suitable for groundbased

observations, but it must be taken into account that thisesuis very shallow, as it can be verified

by comparing the [O Ill] map of the ionization cone in NGC4388&tended up to 5-6 arcsec from the
nucleus, with our integral-field data where the cone appedended more than 10 arcsec (Ciroi et al.
2003).

Our idea was to observe the targets with a longslit spe@pmbgrsetting the slit along the direction
of the elongated emission, taking the position angle (Péinfthe images of Schmitt et al. (2003). In
this way we could verify how extended the emission is andcsele objects to be observed at the 6-
mt Russian telescope, planning a new long-term obsenatmogram at the SAO using the MPFS (in
Appendix, one of the accepted proposals is shown) startitigtive idea of study in detail the physical
properties of ionization cones in nearby Seyfert 2 galaxies

As a first test, we chose the Seyfert 2 NGC 7212. We comparefixtid] image of this object
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with the continuum-subtracted NTT longslit spectrum (Bemiet al. 2006) in the ph-[O 111] spectral region (right, North is
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published by Schmitt et al. 2003 (see Figure 2.6), whosestomss extended up tod’5(~ 2.5 kpc) with
lower limit of the measured flux of 6.5x1071* erg s cm~2 arcsec?, with a longslit spectrum taken
with EMMI at NTT (see Bennert et al. 2003) along the directadrthe [O 111] emission at PA17C. In
the longslit spectrum (see Figure 2.6) the [O Ill] emissismiore extended, up to 2q~ 10 kpc), 7/

in the South direction and ¥3n the North direction, with the lower limit of the measuredxflof about
6x10718 erg s cm2 arcsec?. This object was the first candidate to be observed at thei&ugsmt
telescope with MPFS. By analysing these IFU data, and récatisig the ionization map (the map of
[O 1] /HB), we have pointed out for the first time the presence of arzaitn cone extended up to’1,2
~6 kpc (see Chapter 3).

This test confirmed that our approach could give remarkaselts in finding new ionization cones.
So we decided to apply this method. First we selected a lippsible Seyfert 2 or intermediate type
galaxies, observable in the northern emisphere, with dittds0.03 and showing an elongated emission
in [O 11]. A redshift z<0.03 corresponds to a scate0.6 kpg” (assuming | = 75 km sec? Mpc™);
with a seeing o2, we expected to have a resolutieft kpc. Such a resolution should bdistient to
map extended emissions. With this first list, we planned aeational program at the 1.8 mt telescope
of the Asiago Astrophysical Observatory, (in Appendix ohthe accepted proposals is shown) using the
Asiago Faint Object Spectrograph (AFOSC). We used the gishat covers the range 3500-8500 A,
with typical exposure time of 1-2 hours for each object. Warested the position angle of the emission
looking at the images in [O 1ll] and we set the slit along theediion of the major axis of the emission to
check how extended is (see Figure 2.7). We observed 12 $gglaxies in 5 observational runs between
2007 and 2008. In October 2007 we observed MRK 1058, MRK 6 aBE€N674; in December 2007
we observed MRK 79. In March 2008 we observed six objects: MRR, MCG-01-24-012, UGC
6100, NGC 3516, NGC 5347 and IRAS 162&%29. Finally, UGC 10889 and MCG®3-45-003 were
observed in July and in August 2008, respectively. All thiaxgas observed with AFOSC are shown in
Table 2.1, in particular in this table the PA of the slit and thtal size (in kpc) of the extended [O 111]
emission are listed for each galaxy] is the spectral resolution in Aard is the dispersion in fox.

From the first set of AFOSC data we extracted an interestinpgcabMRK 6. Even if this galaxy
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Object name RA (J2000.0) Dec (J2000.0) z (NED) scale Type t Sli Spectralrange Al S Texp PA size flux
MRK 1058 02:49:51.8 +34:59:17 0.017139 0.33 kgt Sy2 1’.26 3500-7800 A 12A  4.24/kx 2x3600 s 48 2.9 kpc 3.0
MRK 6 06:52:12.2 +74:25:37 0.018813 0.36 kgt  Syl.5 1'.26 3500-7800 A 12A  4.24/fx 2x2700 s 0 11.7 kpc 3.0
MRK 79 07:42:32.8 +49:48:35 0.022189 0.43kpt  Syl.2 1'.26 3500-7800 A 12A  4.24/px  4x1800s 10 9.6 kpc 25
MRK 622 08:07:41.0 +39:00:15 0.023229 0.45 kft Sy2 2’10 3500-7800 A 25A  4.24px 2x1800 s 66 4.5 kpc 3.0
MCG-01-24-012 09:20:46.2 -08:03:22 0.019644 0.38K%pc  Sy2 210 3500-7800 A 25A  4.24px 2x1800 s 65 4.0 kpc 45
UGC 6100 11:01:34.0 +45:39:14 0.029500 0.57 kgt Sy2 2’10 3500-7800 A 25A  424fpx  3x1800s 0 10.0 kpc 3.0
NGC 3516 11:06:47.5 +72:34:07 0.008836 0.17 kgt  Syl.5 210 3500-7800 A 25A  424fpx  4x1800s 30 7.0 kpc 3.0
NGC 5347 13:53:17.8 +33:29:27 0.007789 0.15 kgt Sy2 2’10 3500-7800 A 25A  424fpx  4x1800s 37 2.0 kpc 3.0
IRAS 16288-3929 16:30:32.6 +39:23:03 0.030558 0.59 kgt Sy2 210 3500-7800 A 25A  424fpx  3x1800s 65 9.6 kpc 4.0
UGC 10889 17:30:21.4 +59:38:24 0.028306 0.55 kfgt Sy2 1’.26 3500-7800 A 12A  424/fpx  4x1800s 113 3.6 kpc 10.0
MCG+03-45-003 17:35:32.7 +20:47:48 0.024323 0.47 kgt Sy2 1’.26 3500-7800 A 12A  4.24/kx 2x1800 s 20 5.4 kpc 20.0
NGC 7674 23:27:56.7 +08:46:45 0.028924  0.56 kgt Sy2 1’.26 3500-7800 A 12A  4.24/kx 2x3600 s 108 9.3 kpc 3.0

TaBLE 2.1— The AFOSC sample data. The last column is the limit flux insioft108 erg cnt? s7* arcsec?

(d)

Ficure 2.7— DSS images of the AFOSC sample galaxies. North is up and &&sthe left. The rectangle indicates the PA
of the slit, its length corresponds to’30The images order is the same as in Table 2.1.

is an intermediate type Seyfert, it shows in our longslitcspen a very extended [O Ill] emission (see
Figure 2.9) up to 32 (~12 kpc, assuming k=75 km st Mpc™). We found and collected both low
and high resolution MPFS data from the SAO archive, furtfeeenwe requested new high resolution
observations f-centered to map the elongated emission visible in the [Pelttission images from
Kharb et al. (2006) and Kukula et al. (1996), see Figure 2\tiich the centered andfecentered f.0.v.
are shown.
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FiGure 2.9— Continuum subtracted longslit spectrum of Mrk 6 taken atitl8emt telescope of the Asiago Observatory. The
[O 111] emission line and radio image for MRK 6 (Kharb 2006)eslaid with the two fields of view (red and yellow squares).
North is up and East is to the left.

Having found these two interesting objects, we decidedd¢agmur attention on them, and perform a
thorough analysis of their ENLR. First we focused on the miafsind kinematics properties of the gas in
NGC 7212 a Seyfert 2 which is expected to have ionization gaaecording to the Unified Model. NGC
7212 was observed in the spectral range 3800-7300 A with adsalution grating (600 lingsim) and
in the spectral range 4000-7300 A with a high resolutionimgga1200 linegmm), which give spectra
with dispersion of 1.5 fox and 0.8 Apx, and instrumental resolution &6 A and~3 A, respectively.
We took also a longslit spectrum of NGC 7212 with the B&C spmgriaph at the 1.2-mt telescope of the
Asiago Observatory in the spectral range 3400-7800 A witlspedsion of 2.3 Apx and instrumental
resolution of 9 A. We extracted from the NTT-ESO public avehanother longslit spectrum obtained
in two spectral ranges (3650-5350 A and 4540-7060 A). Theedison is 1.84 fpx in the blue and
1.58 A/px in the red. The instrumental resolutions a8 A and~11 A. The spatial resolution element
is 0.37" px~! in the blue and @33 px! in the red. The slit was oriented along the position angle of
the maximum extent of the [O Ill] emission (RA70) taken from Schmitt et al. (2003). From HST-
MAST archive also WFPC2 images in the F606W broad band fikeetbeen obtained. Broad band
BVR images have been obtained at the SAO 6-mt telescope WIGREP10.

Then we analyzed in detail MRK 6, characterized by an inteliaie type Seyfert spectrum but
also by its unusually extended [O Ill] emission. MRK 6 wasesd in the spectral range 38007300 A
with a low resolution grism (600 lingmm) and in the spectral range 40007300 A with a high resmiuti
grism (1200 linegnm), which give spectra with dispersion of 1.3p& and 0.8 Apx, and instrumental
resolution of~6 A and~3 A, respectively. This galaxy was observed in twfetient fields of view:
during the first run it was centered on the active nucleusjenihithe second run it wasfiecentered
by 8’ towards North with respect to the nucleus. Thitset was applied in order to observe the [O
[1I] emission extended about 3635” in the N-S direction. This extended emission is clearlyblesin
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our longslit spectrum taken with AFOSC at the 1.8-mt telpscof the Asiago Observatory (Figure 2.9)
in the spectral range 3600-7800 A (dispersion 4/@xAinstrumental resolution 15 A), and in the [O
[1l] narrow-band image plus radio map published by KharbO@0and Kukula (1996) (see Figure 2.9).
Broad band images have been obtained from the public arohive Isaac Newton Group (ING).

For the second part of this work, we selected a sample of ei8egfert 2 galaxies, with extended
[O 1] emission, to be observed with the MPFS at the 6-mtdetgpe of the SAO or to be extracted from
the SAO archive. The spectra we collected are obtained WwéHdw resolution grating, in a spectral
range from the [O [I]13727 to the [Ar 11]] A7135. Our aim was to perform a statistical analysis of the
properties of the ENLR gas as a function of radial distanomfthe nucleus.

All the observational data and the archival data used invitoik are listed in the Table 5.1, where
AA is the spectral resolution in Aardd is the dispersion in fox.

2.2.1 Reduction procedures

Longslit spectra were reduced following the classical pdares (bias subtraction, flat-field correction,
wavelength and flux calibration, sky subtraction and cosmays correction) and using IRAF (Image
Reduction and Analysis Facility) tasks. The raw data frorfF&observation usually consists of multiple
(anything from tens to thousands) spectra, each origigdtiom an individual element of the IFU. In
order to construct the data-cube, it is necessary to exttnacindividual spectra from the detector and
rearrange them back into the geometric pattern that they ditethe focal end of the telescope. In our
case the raw data contain 272 spectra (256 object spectrbbasiq/ spectra), therefore it is clear that an
authomatic or semi-authomatic reduction procedure iseeed

In this work we applied two dierent approaches to reduce data: the first one running in IRAF
environment and the second one written in IDL language. \Bkdkethat both give similar results, but
the latter is more féicient. The steps to perform the reduction for IFU spectra hias subtraction,
tracing, flat-field correction, wavelength and flux calimat sky subtraction and cosmic rays correction.

The IRAF reduction package for MPFS data is called mpfs aneai created by our group. We
subtracted the bias from our data following the usual promedve used the specific IRAF package for
MPFS spectra. Itis in general absolutely necessary to dheakverlapping of the frames. In our case we
already know that mechanical flexures of the instrument siomee cause non-negligible shifts between
the images. These shifts can become very dangerous, whéattfield geometry is used for example to
extract the object spectra: due to their extreme closeimd@ssmation of diferent spectra can be mixed
producing a completely wrong result. To solve the probldra, XCORR task was written, based on the
cross-correlation method. This task correlatdfedent images, calculates the relativeetiences and
then shifts the images with respect to a reference imagehwhiusually a flat field.

After the correlation, the interactive DOMPFS task can baiad. This task was obtained by adapt-
ing the IRAF DOFIBERS task to MPFS configuration. It allowgdttracing, flat correction and wave-
length calibration. It also allows to extract the monodisienal spectra. The main idea of this task is to
use an internal flat field exposure as reference image tondieieithe geometrical scheme of the spectra
arrangement; this scheme is subsequentely applied tohbefeames in order to extract the 256 monodi-
mensional spectra. First the tracing of the spectra musbhe.dIn fact the spectra are not parallel to
the lines of the CCD and the shift in y-direction for each $peo must be calculated. A deviation with
variable angle is in fact present; this angle decreaseraamiisly from the bottom to the top of the frame,
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Object name RA (J2000.0) Dec (J2000.0) z (NED) Instrument ec8pl range  Aa 61 Texp
MRK 348 00:48:47.1  +31:57:25  0.015034 MPFS 3700-6520A 6.5A 1.4k 2x1200s
MPFS 4360 -7310A 65A 1.46/Hhx  4x900s
MRK 1157 01:33:31.2 +35:40:06  0.015167 MPFS 3680-6300A 65A 254K 3x1200s
MPFS 4650 -7300A 65A 2.54/hx 3x1200s
UGC 2024 02:33:01.2  +00:25:15  0.022342 MPFS 3200-7450A 7A  1.480k 6x1200s
MRK 1066 02:59:58.6  +36:49:14  0.011946 MPFS 3700-6545A 7A 1470k 3x1200s
MPFS 4400-7325A  7A  1.47/kx 2x1200s
MRK 1073 03:15:01.4 +42:02:09 0.023343 MPFS 3700-5868A 6.5A 1.4pA 5x1100s
MPFS 4300-7280A 65A 1.47/hx 5x1200s
MRK 607 03:24:48.7 -03:02:32 0.008883 MPFS 3620-7500A 7A 43B&/px 3x1200s
MRK 3 06:15:36.3 +71:02:15  0.013509 MPFS 3680-6300A 7A 255K 4x1200s
MPFS 4720-7300A 7A  255/%kx 5x1200s
MRK 620 06:50:08.6  +60:50:45  0.006138 MPFS 3660-6240A 6.5A 1.4pA 4x1200s
MPFS 4555 -7500A 65A  1.47/hx 3x1200s
MRK 6 06:52:12.2 +74:25:37 0.018813 AFOSC 3600-7800A 15A 4k 2x<2700s
MPFS dfset 4450-5965A 3A  0.75/x 6x1200s
MPFS dfset 5845-7350A 3A  0.76/%x 3x1200s
MPFS 4500 -5830A 3A  1.34/kx 2x900s
MPFS 5800 -7140A 3A  1.34/kx 3x1200s
MPFS 3768-6200A 6A  2.60/%x 3x1200s
MPFS 4775-7380A 6A  261/kx 3x1200s
MRK 78 07:42:41.7 +65:10:37  0.037150 MPFS 3650-5855A 6.5A 1.4k 6x1200s
MPFS 4350 -7250A 65A  1.47/hx 6x1200s
MCG+03-45-003  17:35:32.7  +20:47:48 0.024323 MPFS 3730-5890A 6.5A 1.4k 4x1200s
MPFS 4350-7290 A 6.5A  1.47/hx 4x1200s
NGC 7212 22:07:01.3  +10:13:52  0.026632 NTT 3650-7100A 4A 1.6  1800s
B&C 3400-7800A 9A 23Apx 3x1200s
MPFS 3780-5800A 6A  1.46/kx 4x1200s
MPFS 4340-7310A 6A  1.47//kx 6x900s
MPFS 4140-5650 A 3A  0.76/fhx 4x1200s
MPFS 5765-7260A 3A  0.76//hx 2x900s
MagE 3600-7000A 0.85A - 61200 s
NGC 7319 22:36:03.5  +33:58:33  0.022507 MPFS 3690-6300A 7A  2.54p% 3x1200s
MPFS 4670-7300A 7A  254/%hx 7x1200s

TaBLE 2.2— The sample data

assuming as reference point the first bottom-left pixel. dditon the position of the centroid of each
spectrum does not follow always a linear behaviour; thisus bnly in the central section of the frame.
First the task plot the flat field across the dispersion diwacin order to see the peak of each spectrum.
We identify the centroid of each spectrum, we fix the FWHM (i oase is~ 4 px) and we centre all
the spectra. Then the task traces the centroid of each gpetdr all the aperture along the dispersion.
The tracing precision is strongly linked to the flat field dualif the frame is not well illuminated the
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profiles can become so faint and noisy that the algorithm ishbke to find the center anymore. In such
bad cases, some points must be added by hand to completetitigediter the whole dispersion, after
having checked the centroid position affeient columns. After the tracing has been done, DOMPFS
extracts the 1-D spectra of the flat field, which will be usadttorecting the pixel-to-pixel response and
the diferences in the fibers throughput. Later on all the spectra\aeaged and the result is fitted with
a smooth function; then the individual spectra are dividedhis curve. This normalization procedure
is necessary to remove the mean flat field shape, which otsemuduld introduce changes of the count
levels of the object. After the tracing, the flat spectrumhigted according to the result of tracing; now
we are sure that the information in each CCD line come fronstmae spectrum. The task goes to the
next block of the reduction and extracts the arc calibragpectra, which are used to define the disper-
sion solution. Some spectral lines of the firts vector areratdtively marked and a preliminary solution
is found, then all the lines are automatically identifiedngsa database list of lines (in our case He-Ne-
Ar lines), and the final solution can be determined. The §tfumction usually applied is a Chebyshev
polynomial typically with low orders like 3 or 5. Spectrahdis with high residuals are removed until
the RMS of the fitting goes down under a value of 10% of the nainiiispersion. Then this vector is
taken as reference for the others: its identified featuresnasequence reidentified in each single vector
and a dispersion solution is found for all the spectra. Ineheé of this procedure a linear wavelength
coordinate system is applied, defined by a start and end amayttl, a wavelength interval per pixel, and
the number of the pixels. Now, DOMPFS can extract the spedcttiae objects, which are corrected for
the normalized flat field and calibrated in wavelegth. A taiske package SPECRED, named SKYSUB
is used for the sky subtraction. This task selects the sutbsbe sky spectra and combines them into a
usually average spectrum, which is subtracted from thetspe€the objects. To perform the flux cal-
ibration, at least one spectrophotometric standard stitdbe observed. Its spectra are extracted, flat
fielded, wavelength calibrated and sky subtracted. Theskantamed VECADD is used to sum together
the vectors in which the star is present in order to collectatal incoming flux. Then the usual step
for the flux calibration (STANDARD and SENSFUNC) are appliedthe standard stars and the flux
calibration is applied to the object spectra using CALIBREAT

The data of the second part of this thesis have been reduasgl R3d (Sandin et al. 2010) that
is a general data-reduction tool written in the IDL languatiehas been developed to work with any
fiber-fed IFU of any IFS. Currently the software has been goméd and tested with PMAS, VIRUS-P
and SPIRAL. For MPFS data some changes were done. P3d makesatically the reduction steps,
but allows us to interactively inspect and optimize parargetvhen required. The software, updates,
documentation and tutorials can be found at the project webtgtp: /p3d.sourceforge.net

The current version of P3d handles the following five dathiotion tasks:

e creation of a master bias;

e automatic finding and tracing spectra on the detector;

e creation of a dispersion mask for wavelength calibration;

e creation of a data set that is used to flat field the extractedtisp

e extraction of object data, usingfférent extraction methods.
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% p3d: Calar Alto 3.5m/PMAS [LARR] (2kx4k CCD) Reduction Panel
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Mazter bias:
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Ficure 2.10— The graphical interface of P3d. Here calibration and oHjkxt can be inserted and the final calibrated images
can be checked.
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Ficure 2.11— An example of identification of the centroid of each spectruising the flat-field image. Each peak is a
spectrum automatically identified by P3d.

P3d also provides several graphical tools to inspect thedata and the output of theftirent tasks.
Spectrum extraction can be done using either aperturectigina or a modified optimal extraction, or
using a multi-profile deconvolution optimal extraction. Y&ed the aperture extraction, that is the same
method applied in the IRAF case.

In the first step a master bias image is created by combinieq ef st least three bias images. This
master bias is subtracted from the raw data in all consextigps. In the second step the position
of every spectrum is determined along the dispersion axis avivell-illuminated calibration exposure,
using a flat field. The resulting trace mask is used in all couthee steps when spectra are extracted.
In the third step a dispersion correction is determined ¥ergspectrum, using one or several arc lamp
exposures. An extracted flat field image is created in thalatep in order to correct for wavelength-
dependent variations of every spectrum and féiedences in the fiber-to-fiber throughput. In the final
step all spectra are extracted from object exposures, ralyoapplying first the dispersion correction
and thereafter the flat-field correction. This program daatstake into account the shift of the whole
image due to flexures of the telescope. So before to reducebijeet spectra, we applied the task
XCORR as explained before.

The main diference in the reduction procedure is the wavelength céblorstep. An image with
extracted spectra of an arc lamp exposure shows emissies dig curves across the cross-dispersion
axis (Figure 2.12). In order to find a dispersion solutionsakctra should be aligned and stretched to
use the same starting wavelength and size of wavelength Bid@ requires a list of lines with known
wavelengths, some information about the expected wavill@agge, and an arc lamp image to create a
dispersion mask.

In a first step a list of lines with well known wavelengths i¢ested. In a second step a line mask
curvature is determined by calculating positions for onenar lines in the arc frame. In a third step the
line mask is shifted along the dispersion axis in order taemeha rough match between the line mask
and the emission lines of the lamp. If lines cannot be wellcmad across the entire dispersion axis the
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Lire Hask fiction | Dispersion| theek the cirrent mask f1t| Check the final #it| View | Reference spectrunshin
Hatch curvature| Shift nask| Delete lines| Hatch centroids| £1t coatoods| fomste droprooson k| fao mek ad mat] | Pol. Order: B

Ficure 2.12— The first step of the dispersion correction. Upper panel:etiteacted 2D spectrum of a comparison lamp,
where we can clearly see that the emission lines are curnvettbrB panel: the identification of the emission lines, e@ués is
marked with a cross, in x there is the emission lines postsiitl in pixel.

dispersion can be changed manually. More precise pixetiposiof entries in the line mask are then
calculated by correlating every line in the line mask with thata, this is done for every spectrum. The
final step is the creation of a dispersion mask. A linear paiyial of an usually low order is fitted to the
pixel positions at all wavelengts, for every spectrum, ia fine mask (Figure 2.13). So the solution is
not re-applied to all spectra, but it is obtained for eacltspen by fitting along the curve profile. This
is a more @icient method to perform the wavelength calibration.

Cosmic rays hit can be removed either by combining a set ofdaa images, or using for example
the approach of van Dokkum (2001) or Pych (2004).

After the reduction procedure, all these spectra have beeaated for Galactic reddening, using the
IRAF task DEREDDEN and the value d-band absorption (4) derived from NED, then we checked
if the correction for atmospheric absorptions was necgssat we verified that this correction is needed
for objects with redshift 2= 0.02: in fact at this redshift the [S II] doublet is in the rang&76—6880
A where atmospheric absorption bands exist, which mak@sult to accurately measure the flux of
these emission lines. The following objects: NGC 7212, MRI8,3VICG 03-45-003, MRK 1066, MRK
1073, NGC 7319, and UGC 2024 were corrected for atmosphbsgorgtions, by means of the IRAF
tasks ATMO and RMAT, written by our group. First the task nread input the flux-calibrated spectrum
of the standard star. The continuum of the standard is fitteldfze fit is divided by the stellar spectrum.
The result is a spectrum with the mean value equal to 1 andtthespheric absorption features in
emission. Then all the intensity values at ahorter than 6700 A is put equal to 1. Finally the corrected
spectrum is obtained using the task RMAT that simply muégpthe observed spectrum by the output of
ATMO.

After that, each spectrum has to be shifted at rest-framest wie make the continuum emission
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Ficure 2.13— The linear polynomial fit applied to the pixel positions oétBmission lines. Upper panel: the fit and the
best-fit parameters (ordgs? and rms). Bottom panel: the identified emission lines maxkitd a cross.
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Ficure 2.14— The comparison spectrum after the wavelength calibratibow the emission lines are straight lines (upper
panel) and in the x-axis the emission lines position are igghrom (bottom panel).
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Ficure 2.15— The first way to analyze the calibrated image. We can reaactdtne 2D maps in a wavelength range. We can
compare up to 9 calibrated images.
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Ficure 2.16— The second and more complete way to check and visualize libeatad spectrum. Upper-left: the calibrated
2D spectrum of an object. Upper-right: the 2D map of the sabjecbintegrated in a spectral range (these images can bd sav
in the middle-line boxes). Bottom: the 1D spectrum of therape defined by selecting a spaxel in the 2D images (in this
case, it is the spectrum of the nuclear spaxel where the reid.jloChanging the cursor position on the 2D spectrum, we ca
integrate in diferent spectral regions, and changing the cursor positich@@D images, we can sedfdrent 1D spectra.

map at 5500 A, finding the central spaxel for each object. Mrempplied RVIDLINES to the nuclear
spectrum both for emission and absorption lines derivimgréushift and we used NEWREDSHIFT to
shift the spectra at the rest-frame.

We also checked if a correction for atmospheric refracti@s wecessary. To this aim, 2D maps of
continuum emission centered affdrent wavelengths (3800 A, 4200 A, 4550 A, 4800 A, 5400 A, 5700
A, 6200 A, 6450 A, 6850 A) were created and using IMCENTROIDaateulated the centroid and the
x and y shifts with respect to the reference image at 5400 Ad@dééded to apply the correction when
the shifts in the x or y direction were larger than about 1 spa¥XVe corrected the following galaxies
MCG 03-45-003, MRK 607, NGC 7319, UGC 2024, NGC 7212, MRK 1@n8 MRK 78. We used
two tasks written by us, running in the IRAF environment, BaM\CORR and DARCSPEC. The first
task determines the correction to apply for atmospheri@acéibn, the latter applies this correction. In
particular, ACORR creates images of the emission for 20R8fhials centered atftierenta along the
dispersion direction, then it calculates the centroid afhesnage (x, y) using IMCENTROID and it
allows us to interactively fit with a straight line the retats A vs. x andAa vs. y, using NFIT1D. We
verified that in some cases the fit should be done with an higtdar function. DARCSPEC uses the
x(1) and y@) functions obtained from ACORR and for eag¢halong all the spectral range, makes an
image, apply the needed shift (taking as reference theaidrdt an intermediata, i.e. 5500 A) and
then transforms the image in a table with three columns: X, f;rom these output tables the spectrum
corrected for atmospheric refraction is reconstructechiytask.

In order to measure accurately the emission lines, the lyndgrstellar component has to be sub-
tracted from the spectra. This is particularly importanthia case of hydrogen and helium Balmer lines.
By applying the STARLIGHT software (Cid Fernandes et al. 200id Fernandes et al. 2007) the galac-
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tic stellar component was fitted and subtracted. Beforegoaitalyzed with STARLIGHT, the spectra
dispersion has been modified to a value of jpAwith DISPCOR. Then from the multi-aperture spec-
trum each 1D spectrum has been extracted and convertedeiitiotmat using WSPECTEXT. These
are the inputs of STARLIGHT, namely, for each aperture, detalith two columns, wavelength and
flux. This software allows to fit an observed spectrum, withadel created with a number of spectral
components from a predefined set of synthetic spectra. Thielhspectrum is a function of the stellar
populations, the global and selective extinctior, (@nd A{’,) and of two kinematical parameters, (hat

is the velocity shift andr, that is the velocity dispersion). STARLIGHT reddens thetkgtic spectra
and convolves them by using a Gaussian function withthat allows to get the stellar velocity disper-
sion. Then makes a linear combination of these spectra. At 46 synthetic spectra by combining 15
ages (from 10yr up to 13x 10° yr) with 3 metallicities (Z0.004, 0.02 and 0.05.J, and the Cardelli
Clayton & Mathis (CCM, 1989) as extinction function. The #yetic spectrum of the stellar contribu-
tion obtained from STARLIGHT for each fiber was subtracteshfrthe observed one to obtain a pure
emission line spectrum, now the hydrogen and helium BalinesIcould be correctly measured. These
procedures have been performed for low resolution spesé Figure 2.17 and Figure 2.18). For high
resolution spectra, we did not apply STARLIGHT because is thse the stellar contribution was less
important. Inthe case of MRK6 we did not apply STARLIGHT faitb low and high resolution spectra,
because the continuum was dominated by the AGN, being MRKiftarmediate type Seyfert galaxy.
Therefore, for this object we faced the broad emission carapbproblem (see chapter 4).

2.2.2 Measuring the emission lines

The data without the stellar component contribution arelyea be analyzed. As for the reduction
procedures, also for measuring spectral lines we need amatit software, indeed our IFS spectra are
composed of 240 or 256 spectra and for each spectrum we h#e@satlO emission lines to fit. There
are diferent tasks to fit emission lines. For example SPLOT or NGAEIE$ IRAF or XALICE in
MIDAS.

The IRAF tasks are useful for simple and regular emissiossliprofile without additional compo-
nents. Actually also a multi-Gaussian fitting can be perfminfor example the SPLOT task can deblend
multiple line profiles (for example [N 1l] and &) using diferent functions (Gaussian, Lorentzian or
Voigt profile) and allowing to hold fixed some parameters,éwample the positions, or the FWHM. In
particular it is possible to let all the parameters free ofixasome parameters to the same value, for
example the FWHM. It is worth noting that for [N [I] andaHt should be useful to fix the FWHM of the
[N 11], letting the FWHM of Ha free. This cannot be done with SPLOT.

NGAUSSFIT allows to use multiple Gaussian functions to fina profile or more lines at the same
time. Two function types can be used: “Gaussian”, in whiditeéfficients are given in absolute data
units; and “cgauss” (constrained Gaussians), in which thr@yfirst component is given in absolute units
and subsequent components are specified relative to th€dimgilitudes as a factor of the first, and
centers as anffset from the first). This latter form is useful when we need ¢efkfixed, during the
fit, not the absolute values of the Gaussianflicients, but their relative values, as when constraining
spectral lines ratios by atomic physics values, or speliti@bositions by their dference in wavelength.

It is also possible to use an input table with initial guesyrider to use a previous obtained solution.
In the MIDAS software there is a package for spectral anslyfsat has been developed by Juan
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Ficure 2.17— An example of fit with STARLIGHT applied to the nuclear speatr of NGC 7212. The spectrum and the
STARLIGHT fit are shown in the upper panel; the corrected spatis shown in the bottom panel.
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Ficure 2.18— Another example of fit with STARLIGHT applied to an externpkestrum of NGC 7212. The spectrum and
the STARLIGHT fit are shown in the upper panel; the correcfeetsum is shown in the bottom panel.
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Veliz at La Silla and is based on the graphical user interf&&kce. It provides basic functions for flux
integration, including continuum fitting and determinatiof line parameters like FWHM, equivalent
width, flux and continuum level. It allows to perform mul&stomponent fitting by a set of Gaussians.
It is easier to use thanks to its graphical interface, antioiva to keep fixed or variable the intial guess
parameters during the fit. It shows the solution, the compitsnagnd the residuals too (see Figure 2.19).
It is useful because the solutions applied to one spectrunbe&asily applied to the following ones until
the guess parameters are quite similar to the real onesedntiee task is highly dependent to the initial
guess in the sense that if the starting parameters are fartfre real values, the solution idiitult to be
obtained.

Among the diferent softwares for the analysis of integral field data, PRBak ANalysis) an IDL-
based general-purpose curve-fitting utility with a graphigser interface, based on Craig Markwardts
MPFIT. PAN can be used to fit any of its own functions (straiting, Gaussian, Lorentzian, etc) or
custom functions can be created to fit the data (e.g.+HN 11]). There is no limit to the number of
functions that can be used simultaneously but for more fonstit needs more computation time. PAN is
particularly useful for IFUUMOS data since it has the ability to read in multiple specti@ae in an array
format, and fit one initial guess to these spectra automigtidbcan read in FITS data. The spectruit,
the residuals and the numerical results are displayed meisdor each spectrum, the fit can be reviewed
for each spectrum in a very visual manner (see Figure 2.208.ifitial parameter guesses (amplitude,
position and width) can be specified with the mouse. Our amtrado fitting emission lines is:

e select the nuclear spectrum,;

e choose the correct function to fit the emission line. Forladl single emission lines we used a
Gaussian; while for [N Il Ha and [S 1] we used an equation that allows to fit all the linethat
same moment, making a sort of deblending. In particular veel disr [N II] + Ha a function in
which we fixed equal the FWHM of the [N II] doublet, and the sdiorgS 1] doublet;

e use the cursor to set the peak and the FWHM of the Gaussian;

e modify the parameters of the Gaussian to constrain the fitdieroto assure the correct result.
We usually let the central wavelength changing within a eaof~10 A and we limited the min-
imum value for the flux to zero. For the FWHM we consider forteabject a typical range 3
A<FWHM<20 A;

e fit the nuclear spectrum and then the software fit all the spdmt modifying the parameters to
find the best solution for each spectrum;

e save the result in a table where we have fReof the fit, the flux, the central wavelength, the
FWHM for each Gaussian used.

In this work, we used PAN for the data in which the emissiordihave simple and regular profile,
namely the data in which the fit can be done automatically amdlevnot need to check the spectra one
by one. PAN is useful also because allow to let the parametensging in a range of values, in this way
we can control the fit, so we can apply the automatic fit beiritecgure that the results will be correct.
This is fast and for single Gaussian profile is accurate. Bahef PAN allows to revise the result, it
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Ficure 2.19— Two examples of the graphical interface of XAlice to cheaktesults of multi-Gaussian fitting. Top panel: [O
Il 25007 A in a nuclear spectrum of NGC 7212. The profile is repcediby means of a broader and a narrower component.
The observed profile is the black line, the thick red line stiital model and the blue curves are the components. Fithally
upper red line show the residuals. Bottom panel+HN II] in a nuclear spectrum of MRK 78. Here we used six compuag
two for each emission line.
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Ficure 2.20— Two examples of the graphical interface of PAN. Upper patied:case of id+[N II]. Lower panel: the case
of HB+[O lll]. The observed spectrum is in white, the fit is in red.€eTlbwer box shows the residual spectrum. The right box

shows the results of the fit: area, centtalnd FWHM for each Gaussian component.
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does not allow to control or modify the fit while the fit is rungi Furthermore we cannot see in the
multi-Gaussian fitting the éierent components (for example in the case of [N 1] ang,Hbut only the
sum of them, so we are not able to control the single comperiewe use a formula for [N 11] and hl.

It is difficult to use this software when we need to separate more ca@npanthe same emission
line. This was the case of [O Il] in the high resolution dafadN&C7212 and of [O Ill] and K and
Hg in the high resolution data of MRK6. Furthermore we need fglyap multi-component fit also for
some central spectra in MRK3 and in MRK78. When we neededdolchach fit or to be able to see the
components, we used XAlice of MIDAS. In particular we usedIlXé for the nuclear spectra of MRK
78 for [N II] and Ha and for [S II] because in these cases we need to use more cempdior each
emission lines, and we need to check thedent components to be sure the fit was correct. We used
XAlice also for the high resolution data of NGC 7212. We nefittthe [O IlI] emission lines with two
components, a broad component and a narrow one. We wantljoagimilar solution to all the spectra
and to check the spectra and the fits one by one. Furtherni@@tDAS task allows to re-apply the
same solutions for the contiguous spectra, obtaining a mwrsistent solution.



NGC 7212

HE first object we analysed is the nearby:®0266, scale- 0.513 kpg’) Seyfert 2 galaxies NGC7212

(Figure 3.1). We selected this object by comparing the maband [O Ill] image by Schmitt et al.
(2003) and the NTT longslit spectrum by Bennert et al. (200B)ey found a very extended [O 1l1]
emission in the longslit spectrum (2@ 10 kpc), more extended with respect to the narrow band image
(5” = 2.5 kpc) so we decided to study the circumnuclear regionsi®bialaxy by means of integral field
data, longslit and echelle spectra @8dRbroad—band images.

In the first section the published information about NGC 7@f2collected, in the five following sec-
tions we describe the analysis of the emission lines rati@sgas and stars kinematics and the properties
of the ionization cones. A summary of the results is repoinete last section.

3.1 NGC 7212 in literature

NGC 7212 is a Seyfert 2 galaxy in an interacting system ofetlyglaxies (Wasilewski 1981). Durret
& Warin (1990) by means of optical longslit spectroscopy hie H3 + [O Ill] spectral range found
line emission from ionized gas extending ferl7’ along PA= 37° and 127. They found a high
excitation value RI([O 111]) 4 50074959 /I(HB)=19 in the nucleus, and ranging from 5 — 28 in the
ionized emission. In the polarized light of NGC 7212, Tramlet(1992) found a broad ddcomponent
(FWHM ~ 4000 km s1). However no obvious BLR component to NIR lines was found leyil&tix
et al. (1997). Tran (1995) argues that a significant amoumpiotdrisation is probably not intrinsic to
the nucleus, but due to transmission through aligned dashgtin the host galaxy. This is supported
by evidences, showing that dust obscuration plays a signifimle in the source. He found a jet-like
high-ionization feature extended up to”1ffom the nucleus at PA 170 in ground-based [O Ill] and
Ha image. This jet is exactly parallel to the axis of the smadllsa@ouble radio source (0. Beparation;
Falcke et al. 1998), and roughly perpendicular to the opfiotarisation (PA93"), suggesting that the
jet is collimated radiation from the hidden nucleus obsdurg a torus.

Both galaxies in the pair exhibit multiple dust lanes, Misiim the continuum image by Falcke et
al. (1998). They found a NLR with an elongated anffudie structure without a clear evidence of an
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Ficure 3.1— Broad—band image of NGC 7212 after composition proced3; d andR frames, obtained with SCORPIO at
the SAO 6-mt telescope.

ionization cone, since the North side is partially obscurgdhe dust lanes. They suggested that the
distribution of excitation to the South is consistent wittagged inization cone.

Kotilainen (1998) published the B-1 map of NGC 7212 showingey blue and fan-shaped emission
region extending from the nucleus to South €A45’) with total size 2.3. This blue region is bisected
by a red dust lane. A much redder narrow dust lane is situateth® other side of the nucleus, at
closest distance, 3/7at PA=28C. HST [O lll] images by Schmitt et al. (2003) showed that thel[lp
emission is extended out ef3” from the nucleus along a P.A. 170> with dimensions 2" x 4.8”.
The emission is diuse and composed of several individual knots to the NorthSandh of the nucleus.
In 2003 Raimann et al. found that the nuclear stellar compipoeENGC 7212 is dominated by 10-Gyr
metal rich (solar or above solar metallicity) stellar paidn, with a nuclear contribution from the 1-Gyr
component of 15% of the total flux and a contribution from ygemcomponents (15% of 3-Myr) or by
a featureless continuum. Bennert et al. (2006) found thdl[@rhission extended out to Y2rom the
nucleus along a PA of 170i.e. four times larger than the extension seen in the HSTH@athe same
direction, but smaller than the maximum extent observed byréd & Warin (1990) (PA of 127and
37°). The excitation value observed in the central spectruRyig ~17. The reddening corrected value
in the centre iRyereq ~16 and varies between 6 and 17 in the centrdl &gion. The reddening in the
centre is rather lowHg_y = 0.33 + 0.01mag) and decreases to a value-6f07 mag at 1 North-West
of the nucleus. On both sides of this region, it increasesraadhes its maximum value at &outh-
East and 7 North-West of the photometric centraEg_v ~1 mag). These maxima may be attributed
to dust lines seen in the continuum image by Falcke et al. 8198t the X-ray range, the spectrum
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FiGure 3.2— The SN of the IFU low (a) and high (b) resolution data measured 8055 (solid line) and at 7000A (dashed
line) and the histogram of th¢?, evaluating the quality of STARLIGHT fit.

(ChandrgACIS) of NGC 7212 have been fit by a pure Compton reflection aomept and a strong K
iron line, suggesting that the source is Compton-thick iiBm et al. 2006).

3.2 Emission line analysis

We analysed both high (R 1800, at1 = 5500 A) and low (R= 900, at1 = 5500 A) resolution IFU
spectra. We analysed also longslit£R.400, atl = 5500 A) and Echelle spectra €R6500, atl = 5500
Aand R= 8000, at1 = 5500 A). The low resolution data were used to study the eomskies flux
distribution and to analayze the gas physical propertigstiag ionization mechanisms in act, by means
of the diagnostic maps and diagrams. The high resolutica wate used to study the kinematics of the
circumnuclear ionized gas, using only [O 1] andémission lines. From this analysis we derived maps
of flux, velocity and FWHM for each line in the entire field ofewi.

By calculating the signal to noise ratio/(§ of the continuum for MPFS data (see Figure 3.2), we can
verify the reliability of our measurements. These data tsmall values of 8\: the median values for
low resolution data are5.6 and~5.4, measured at rest-frame 5500 A and 7000 A. The higheluteso
data have smaller values: around 1.9 and 1.3, measured-&tarme 5500 A and 7000 A, respectively.
The y? evaluates the quality of the fit of STARLIGHT: it should be ked around 1. In our case it is
peaked around 1.6 (see Figure 3.2), instead of 1 probabluseche S ratio of the analysed spectra
is not suficiently high. Due to these small values giNSor the high resolution spectra, we cannot apply
STARLIGHT to these data. We calculated the flux errors, agsgithat the determination of the position
of the continuum level gives the main contribution to th@eswhen measuring the emission line fluxes.
The errorsAF are obtained dividing the reddening corrected flu§aJ-by the N of each emission line,
calculated as the ratio of the intensity of the peak of the ¢imer the continuum (amp)) divided by the
standard deviation (rmg)) of the continuum in a spectral region near the emissicet lin

_ Fe()

= SN (3.1)
S _amp()
NW= rms(l) (3-2)
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All the measured fluxes were corrected for Galactic extimctind needed to be corrected also for the
internal reddening. This can be estimated using the Balmeredhent: assuming the theoretical value
of the intensity ratio between Balmer emission lines, andgaring the measured values with the theo-
retical ones, we can estimate the absorptio¥-iband, AY), applying the Cardelli Clayton and Mathis
(1989, CCM) extinction law:

Robs
Rin

where Rpsis the observed ratio betweerwkdnd H3 fluxes, and R, is the theoretical one equal to 2.86.
Once we obtained A(), we can correct all the observed fluxes with the followingression:

A(V) = 7.2146x log (3.3)

Feorr = Fobs X 1P AANV)xel) (3.4)

where cq) is calculated for each wavelength using the CCM extincl@ow and corresponds to

b(4)

c(d) =a@) + 31 (3.5)
Clearly, the correction can be applied only where thgedtission line can be measured, therefore the
reddening corrected maps are much less extended thanabmgaps. To study the spatial distribution of
extinction, we have reconstructed theV\(map (see Figure 3.3 in which the stellar continuum contours
are overlaid to the extinction map). We can see that high&@naton values (red colors indicate ¥
= 2 mag) are in the northern regions. We estimated the extimétom the stellar spectra by means of
STARLIGHT, which gives as output also the W values for each spectrum. By comparing the/}(
obtained from gas and stars, we can see that the distrilsutienpeaked at fierent values, larger for the
gas: the median value for gas is 1.38 mag and for stars is 0ag8 Tie extinction obtained from the gas
is expected to be higher because the observed emissiompiatism is the sum of the stellar component
plus the ENLR gas component. There is dust associated & st@asured by means of STARLIGHT
and dust associated to gas. The template-corrected spebaia not stellar absorptions, but it is still
affected by extinction. Therefore the extinction derived fritva gas should be higher, as observed. If
the ENLR gas was dust-free, than thevAfneasured by stars and gas should be the same.

Each reliable emission line in the reduced low resolutioact@a was measured and the flux map
reconstructed. These maps represent the spatial digtribok the emission for each spectral line. We
measured the following 30 emission lines at least in thegaxalegion: [O 11]13727, [Ne 111] 13869, H8
13888, [Ne 1] 13968, [S 11] 14070, H5 14102, [Fe V]14228, Hy 14340, [O Ill] 14363, He 114472,
[Fe Ill] 24658, He 1114686, [Ar IV] 44711, [Ar IV] 14740, HB 14861, [O 1l1] 44959, [O IlI] 45007,
[Fe VII] 245158, [N 1] 15198, [Fe VII] 15721, He 115876, [Fe VII] 16086, [O 1116300, [N II] 16548,
Ha 16563, [N 1] 16584, [S 11146717, [S 1]] 16731, He 116678. All the maps masked considering only
spectra in which the emission linghbis larger than 3 are shown in Figure 3.4. The maps of the terggh
emission lines ([O 11113727, [O 111] 14959, [O I] 45007, [O 1]16300, [N 11] 16548, Hr 16563, [N
[I] 26584, [S II] 26717, [S 1] 46731) show an elongated shape: the ionization gas is exdemgld¢o
13” (corresponding to-6.7 kpc) with a PA-0°, more extended in the North direction with respect to
the South. The emission is not oriented as the stellar aaminemission which has the major axis at
PA=45, see for example the Figure 3.5 in which the [O Ill] and eimission line maps are shown with
the overlaid contours of the stellar continuum emissiorb808A in black. The less intense [O IU}4363
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Ficure 3.3— Left: A(V) map, obtained by applying the CCM extinction law to theaati the intensity of ki and H3, with
the stellar continuum contours overlaid (in white). Redbesicorrespond to A() values of 2 mag, yellow colors to 1.2 mag
and green to 0.7 mag. North is up and East is to the left. Rif¢: histogram of the A() values obtained for gas (solid line)
and stars (dashed line).

and He 1114686 are clearly elongated with BA° and extended up to 9 — 1Qcorresponding te- 4.5

— 5 kpc). Fainter emission lines are visible not only in theyvaner part, where the influence of the
ionization source is more important, but also ‘436" (1.5 — 3 kpc) from the nucleus. Also the coronal
emission lines of iron with dierent ionization degree are detectable and were measurtechlly in the
central spectra, probably because here both the ionizatidrthe N ratio are higher. We detected [Fe
1] 14658, [Fe V]14228, [Fe VII]15158 and [Fe VII]15721 and [Fe VII]16087.

3.3 Physical properties of gas and stars

By means of the usual emission line ratios, gas density anddeature were calculated, while by com-
paring our measurements with CLOUDY models (Vaona, PhDigH#10), we inferred an estimate of
gas metallicity. The underlying stellar contribution fittey STARLIGHT was used to study the stellar
velocity field (see Section 3.5) and the distribution of ttedlar population with dierent ages.

We calculated the density with the TEMDEN IRAF task, by udigh the [S 11]1671716731 ratio
and the [Ar IV] 21471224740 ratio. The [S ll] and [Ar IV] lines have flerent values of critical density,
indeed we can assume that these lines are emitted by gadredi physical conditions. The [Ar V]
ratio gives information about higher density and higheiization gas, while lower density gas can be
studied by means of the [S II] ratio. We used an input valueofgerature ¥10* K and we calculated
the density for each spectrum in which we measured the rdtlofortunately, the [Ar IV] lines can be
measured only for few central spectra, giving not signifi¢aformation about the spatial distribution of
the high density gas. So we calculated the density usingatieeaf the [S 1] doublet, that is detectable in
a more extended region (see Figure 3.6), we found a mediag vik 450 e1/cm®. The central density
values obtained with [Ar V] emission lines is 2.2 x 10° cm™3 (assuming T = 10* K) and is in good
agreement with the [S I1] determinatior (.4 x 10° cm™3, assuming T = 10* K). It is interesting that
we found high density in the inner regions also for low iotima gas (where the [S 1] low ionization
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Ficure 3.4— The measured emission lines and the reconstructed maptheAdlata with 8\ > 3 are shown. From up-left
there are the following emission lines: [O HB727, [Ne 111113869, H813888, [Ne 111] 13968, [S 11114070, H 14102, [Fe V]
4228, Hy 14340, [O 111] 14363, He 114472, [Fe 11114658, He 1114686, [Ar IV] 14711, [Ar IV] 14740, HB 14861, [O IIl]
14959, [O 1] 45007, [Fe VII]1 215158, [N 1] 15198, [Fe VII] 15721, He 115876, [Fe VI1] 16086, [O 1116300, [N 11] 16548,
Ha 16563, [N 11] 16584, [S 11116717, [S 11126731, He 116678. The orientation shown in the first map is the same fahall
maps: North is up and East is to the left.
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Figure 3.5— The [O Il1] (left) and Hx (right) emission lines maps with the overlaid contours efdtellar continuum emission
at 5500 A in black. North is up and East is to the left. The gaission is oriented along PA 0° and the stellar continuum is
oriented along PA= 45°.

lines are emitted). These higher values of density (4-x110° cm3) are in an internal region oriented
about East-West (see Figure 3.7). The gas temperature cahtédi@ed using dierent emission line
ratios: with our spectra we can use the [O Il] lines at 495%807 A and 4363 A (by calculating the
ratio between the flux of the [O 11l] 495%007 and the flux of the [O IIl] 4363), and the [S II] lines at
6717 A, 6731 A, 4068 A and 4076 A (by calculating the ratio kestwthe flux of [S 1] 67176731 and
the flux of [S 11] 4068+4076). We determined the temperature with these two ratidhe case in which
the 14363 and thel4068+ 14076 can be measured. So the temperature derived with tligsesare not
characteristic of the whole f.0.v, neither of the whole das, only of the region where these lines are
visible and of the gas emitting [O Il1] and [S 11]. We deriveshtperature using TEMDEN, and the values
of density calculated with the [S 11] ratio. The histograros the two determinations of temperature are
shown in Figure 3.6. The median values arexll® K and 1.5<10* K for [O lll] and [S II] ratios
respectively. For high ionization gas, we should calcuthte density using high ionization doublets,
but in this case, we detected the [Ar IV] emission lines onlyhie inner part and we could estimate the
density using this ratio only for few nuclear regions, so wedithe [S II] density determination for the
temperature estimate with [O Il1] ratio. Higher values (ofRt— 3x10* K) are present in the North part
of the f.0.v., in the central region we found lower values (IL5x10* K), measured by [O IlI] ratio and
even less measured by [S 1] ratio (4 x20°K), see Figure 3.7.

In HIl regions and in star-forming galaxies, the metalliaian be measured through direct methods
(Aller 1984) or by means of empirical metallicity indicasoPilyugin & Thuan 2005), because in the
stellar photoionization case, the ionization structurkniswn and the total abundances can be inferred
once the ionic abundances are measured. On the contrargdrot@nization by a power-law spectrum,
as for an AGN, the situation is more complicated and the aiion structure is very complex. There are
not direct methods and to determine the metallicity phatigiamtion models must be used. To estimate
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Ficure 3.6— Histograms of temperature and density. Left: temperatbtaioed with [O I11] (solid line) and [S 1] (dashed
line) ratio, the median values are 18000 K and 15000 K, reésede Right: density obtained using a value of tempemitofr
Te = 10* K, the median value is 450 &cm 3.

FiGure 3.7— From left to right: the 2D maps of the density measured wigh[gl1] ratio and of the temperature obtained by
means of [O Ill] and [S II] ratios, with the stellar continuwrontour overlaid.
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the gas metallicity, we compare the measured fluxes witheggiuedicted by models from Vaona (PhD
thesis 2010), using the emission lines ratios [NAG584[O 1] 23727 vs [N 11] 16584([S 1] 16724,
being this the best diagram sensitive to the metallicitye Todels have a low resolution in metallicity
because he used fetyZo values, nevertheless the trend is clear. We used modelsiusthto-gas ratio
(D/G) equal to 1. The plot and the comparison between the olisealaes and the theoretical models
allow us to estimate a sub-solar metallicity for the ioniged in NGC 7212 (see Figure 3.8).

From the STARLIGHT output, we reconstructed the 2D maps@stbllar velocity field and velocity
dispersion, as well as the 2D maps of the distribution of te#as population with dierent ages and
metallicities. The maps have been built using only the n®utelvhich the parameter ades0. This pa-
rameter indicates the mean percentage of the deviatiorebetihe observed spectrum and the synthetic
one. Then we used thgI$to decide which spectra can be considered, and we creatgdimarder to
consider only the spectra withi> 3. We obtained the distributions of the flux for stellar p@tigns in
different ranges of age: young (agel®® yr), medium (18yr < age< 10°%yr), and old (age- 10>%yr);
and with diferent metallicities: sub-solar £0.004), solar (Z0.02) and super-solar £0.05). We cre-
ated theB — R color image from the broad-band images obtained at SAO andowwared them with
the 2D maps showing the stellar flux distribution. Old pofialais smoothly distributed in the whole
field of view, as expected. Instead from the medium age ptipalanap, we stress that higher values are
found in the interaction regions (N-E to the nucleus), tlisiponent could be the result of the on-going
merger. The distribution of the young population does naotcinghe color map, probably because it is
not really light from a young population, but rather the tm@d emission from the AGN. The detected
young population could be arffect due to diuse light from the cone. STARLIGHT does not distin-
guish from OB stars contribution and a power-law continuiBo.even if in Seyfert 2 galaxy the AGN
continuum is less important with respect to Seyfert 1, therdeination of the young population could
be wrong due to the contamination from the AGN continuum gare 3.9).

3.4 The diagnostic ratios

The diagnostic ratios are useful to distinguish betweeizaion by power law and by stars or shocks.
In this work we used the Veilleux-Osterbrock (VO) diagnosttios (Veilleux & Osterbrock 1987). By
calculating the maps of emission line ratios ([O/MB, [N Il] /He, [S Il]/He) it is possible to investigate
the ionization mechanisms in act in the ENLR. The 2D maps sigpwhe spatial distribution of the
diagnostic ratios (Figure 3.10) were created using theeadening corrected maps, in order to study a
more extended field, not being limited by the small size ofHi8eemission. In fact, in this case we are
interested in analysing the distribution of the diagnostiios in the whole field of view. Furthermore,
the emission lines involved in each ratio are very near insfiectrum, so the extinction influence are
expected to be similar and to be minimized or removed whenalailated the ratios. In each map,
yellow-red colors imply large values of the ratio, insteadeam-blue colors imply small values. The 2D
maps allowed us to detect for the first time an extended str@iavith high valuesx10) of [Olll]/HB
suggesting the possible presence of an ionization conetedes the galaxy minor axis (see Section 3.6).
The ionization map ([O 11IIHB) shows high values even far from the nucleus (red coloreespond to
values of 10-12, green colors are equal to 4-5), this is isistent with the presence of photoionization
as unigue ionization mechanism. If there is only photoiatiin, the photon flux is diluted according to
the distance, it does not keep high at large distance fromubkear source. Maybe there are additional
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Ficure 3.8— The graph of the log([N /IS 11]) versus log([N IIJ[S 11]) compared with theoretical models by Vaona (2010)
with D/G=1. From magenta (Z©=3.5) to blue (ZZo=1) colors, the metallicity decreases. The observed valueblack
triangles.
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Ficure 3.9— The 2D maps of the light distribution due to young, mediure-agd old population, and th2— R color from
SAO images.

Figure 3.10— The continuum emission at5500 A (top left panel). The maps of the diagnostic ratiosshavn: [O IlI/Hg,
[O 11/Ha, [N 1]/Ha, [S ]/Ha and finally [O 1I)[O 111] with the ionization cone contours overlaid. In eaclap) yellow-red
color indicates larger values, instead green-blue colonesponds to smaller values.
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mechanisms, such as shocks. But there could be also a defisity, in fact the ionization parameter
U = ?‘0” ) depends on the inverse of the density. So high values of Wdmoei due to high values
of ionizing photon flux (@ ,=number of ionizing photons per second emitted by the sowrc&) low
density. Inside the cone, we found low density, but withogradient, the value is approximately the
same along the whole size of the cone. So we can exclude tifat/hlues of U are due to density. We
can invoke shocks, but this hypothesis need to be testedolitoionizatiorshocks models. Anyway,
the ionization is strongly dominated by the AGN, as it can éensfrom the calculation of the number
of observed and theoretical ionizing photons. Accordingh®very high values of [O IIfHB we can
also exclude a contribution from star formation. The [Q[@] ll]] map gives the same information of
the ionization map. This ratio does not depend on the abuwedamecause it involves lines of the same
element, and it is only an indication of the ionization paesen This map shows a behaviour in good
agreement with the ionization map ([O JHB), in fact where we have high ionization (inside the cone)
we found low values of [O IJJO IlI] (green colors means [O IO 1ll] ~0.2), instead outside the cone
(in the North-East region) we found very high values of [[0] 1] (red colors means [O IJ[O Ill] ~2)
and lower ionization degree. Therefore the maps of [QHJ]and [O II)/[O 1l1] show emission with
high ionization degree, oriented about along the galaxyomaxis.

The diagnostic ratios of [N I/[Ha and [S IJHa are not smoothly distributed, showing higher values
(respectively~ 1-1.3 and- 0.7-0.9) orthogonal to the cone and outside it. Furtherrtiease ratios show
higher values in the North-East regions, namely in the autiing regions between the two galaxies. Here
the ratios can be strongly influenced by interactifiieas, such as shocks. This should be verified by
applying photoionizationshocks models. The [O/Ha map is peculiar. It shows an elongated shape
along the galaxy major axis, with high values X2 and greer0.1) oriented as the high density
structure. High values of [O MHa are related to collisions, because [O 1] is a forbidden eimiskne.
This emission line is formed in the recombination regionevehwe found O, H* and H, this region is
more extended if the ionizing source has a power-law spectithis ratio is very useful to distinguish
between photoionization by AGN or stars.

We plotted the VO diagnostic diagrams, using the reddenimgected fluxes, both for the regions in-
side and outside the ionization cones (see Figure 3.11)efdarate the dierent regions in the diagnostic
diagram (AGN, Hll regions and LINERS) we used the expressioom Kewley et al. (2006):

[Ol1] 0.61

oo ) - og(B) 047 30
[om]) 0.72

I . .

ool og(B) 032" G
[ony\ 0.73

Iog( HB )_ |og(1%l)+o.59+1'33 (58

The errors to be associated to the diagnostic ratios werg@atat with these formulas:

err(fl) . err(ﬂz))

(3.9)

fl,
err(logﬂz) 0.4343><( fi; i,
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Ficure 3.11— The VO diagnostic diagrams. Red squares are regions irtsédeone, blue triangles are regions outside.
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Ficure 3.12— A, B and C regions selected by means of the diagnostic maps.

f|1+f|2

(3.10)

) — 0.4343x (e”(ﬂl) + err(flp) err(ﬂs))

fliefl,  fls

where f| and ery are flux and relative error, calculated according to the E. 3

By analysing these diagrams we noted that all the data in eldar &f view fill the AGN region. It
is confirmed an AGN origin for the ionization source in theimnfield of view. What is expected is
that regions inside the cone, fall in the AGN area (uppdmtrigart of the plot), instead for the regions
outside the cone or we do not see them in the plot (if the AGMésdnly ionizing source), or they
should be ionized by HIl regions (down-left part of the ploBo we can expect to see in the plot that
the regions were distributed towards the HIl regions areddm-left part of the plot). Instead, all the
regions occupy the AGN area and are distributed verticallyatds the shock region. This means that
for each region, inside and outside the cone, the ionizingcgohas a power-law spectrum, it is not a
thermal source; the only flerence is that for the regions outside the cone the ionizalézreases with
increasing radius, instead inside the cone it remains Highfar from the nucleus (see Figure 3.31). A
possible explanation is that the ionizing photons from theecare dfused, or the cone aperture angle is
larger.

Starting from the maps of the diagnostic ratios, we selegbns to be deeper analysed (see Figure
3.12). We used the ionization map to select A and C regiostean we selected B regions from the [N
II]/Ha map. These regions were extracted in order to study the gamatmn mechanisms far from the
nucleus and outside the ionization cones. We selected #elspand summed them to obtain a 1D
spectrum for each region with higheM\E The extracted and summed spectra for the 8 selected gegion
are shown in Figure 3.13, the regions A1, A2, A3, A4, B1, C1 @ahave area equal to 6 arcégc
the region B2 has area equal to 9 arésaad the region B3 has area equal to 8 aréséthe A and
B regions could be ionized by both AGN and shocks, probably tduthe merger in act. To test this
hypothesis, we applied STARLIGHT to these spectra, olitgiimiformation about the age of the stellar
component; in particular we found that the old populatioge(a 3 x 10° yr) is the main component in

err(log I
3
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Ficure 3.13—The 1D extracted and summed spectra for each selected region
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all the regions, but in A4 and moreover in B1 we found a peagatof medium age component $10
yr < age< 3 x 10° yr). We measured the emission lines after the stellar composubtraction and we
constructed the diagnostic diagram for these regions (€igui4). From these diagrams we see that the
C1 and C2 regions are strongly ionized by the AGN sourcecitiigd be a hint supporting the idea that
the ionization cone aperture angle is larger thah (liRely 90° — 100). The A and B regions have a
similar lower ionization degree, with respect to the C ragidout are AGN dominated. Therefore, the
AGN can ionize regions far from the nucleus£®.3” = 4.8 kpc) and in a direction orthogonal to the
cone, this can be due again to an aperture angle of the cayer idwan that shown by our [O IJHB
emission or to scattering of photons on a plane orthogondddacone. The star formation component
cannot be excluded in these regions, being situated nelagbyntieracting regions of the galaxy (N-W),
where it is possible to find star-formation. If it is presdnsivery low, as confirmed by the STARLIGHT
output: the young population percentage is very small andowed intermediate age population only
in A4 (4%) and in B1 (25%), the latter being the region neateshe interaction. The distribution of
the data in the diagnostic diagram suggests the possildemre of a combination of ionization by AGN
and shock.

3.5 Kinematical analysis

For the main emission lines, we built also the 2D maps of vgland FWHM (see Figure 3.15). The
velocity values were corrected for the systemic velocighsidering as recession velocity the value
obtained by measuring the nuclear spectrum (the spectrtimhigihest flux in the continuum map). The
instrumental FWHM, obtained fitting some lines of the congmar lamp, have been subtracted from the
measured values; for each spaxel, we subtracted the congisg instrumental value, in order to take
into account possible flerences in the instrumental resolution in the field. We aplle usual formula:

FWHMorr = V(FWH Mgpg2 — (FW H Mingy)? (3.11)

The map of the velocity field shows values ranging fre200 km s* to -200 km s, while the
map of the FWHM, after the correction for instrumental widshows values between 200 kmt sind
700 km st. The velocity maps show distortions East of the nucleuseaafly in case of i, [N II]
6548,6584 and [S 1] 6717,6731 lines, while [O 111] 5007 ligkows a more regular pattern. In particular,
the Hr velocity map in that region has velocity values between 180sk! and 200 km st. This zone
corresponds to an emission region with low surface brigigr(@01® — 101> erg cnt? s1) and high
FWHM values, between 300 knt'sand 600 km st. In the HST image and in the SAO-6mt broad
band image and color, this region shows no particular stracand has a low surface brightness. The
anomalous regions in the maps of the velocity field of the gagsar to be located toward the interaction
region, this could be anfiect of the gravitational interaction between NGC 7212 amct@mpanion
galaxy. In the FWHM maps (see Figure 3.16) red colors indidatVHM of 700-800 km ', yellow
colors values of 500-600 knTsand blue colors values of 200-300 kmts In the [O ], [N Il] and [S
[I] FWHM maps it is clearly visible an elongated structurdthwhigher values of FWHM+ 700 — 800
km s1), at about 90 with respect to the direction of the major axis of the emiss&p almost aligned
with the minor axis. This feature has been observed alreadyhier Seyfert galaxies, like Mrk 3, Mrk
34, Mrk 1066, Mrk 348, Mrk 1, NGC 2992, NGC 5728 (Stoklasovale2009). The explanation of this
effect is still under debate. This structure is found also wherfittthe high resolution [O 111] emission
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Ficure 3.15— The 2D maps of the emission flux, velocity and FWHM for the neaialysed emission lines. First line, from
left to right, [O II] and H3; second line from left to right: [O 1ll] and H; last line, from left to right:[N II] and [S II]. North is
up and East is to the left.

line profile with two separate components. The minor axishefgtellar velocity field is aligned with
the photometric minor axis, instead the gas velocity fieldiated with respect to the stellar one (Figure
3.17). From the analysis of the low resolution data we cantilsgestars and gas are not aligned, the
[O 1] emission is elongated along a direction orthogor@mthie major axis of the galaxy. This could
imply that the gas is not co-planar with stars. The extimctioap shows dust lanes in the central part,
also visible in the broad band images and in the color map. dBEmsity map is aligned as the FWHM
maps. By comparing the high density{N 700 — 1400 cm?®) regions in the map and the FWHM maps
(see Figure 3.18), we can see that in high density regionowadfalso high values of FWHM-(500

km s71), these are hints of compressed gas, or streaming of gasaarioecconsistent with shock. The
N-E region with higher FWHM and a peculiarity in the velocfigld is nearby the region of the merge
between the galaxies. All the previous peculiarities cingldaused by this interaction (see Figure 3.18).

From the analysis of the emission line profiles it is possiblpoint out the presence of asymmetries
that can be due to additional and non-rotational kinemlaticenponents. With the low resolution data,
we were not able to identify and analyze multiple componantle spectra line profiles, anyway some

asymmetries in the line profile for the higheiNSspectra have been observed and as a consequence the

fits were more dficult to be performed. From the higher resolution IFU datat fire fitted [O IlI] and
Ha emission lines with a single component and we built the 2D swdglux, velocity and FWHM. We
used these maps as input for ROTCUR (Begeman et al. 1989askeof GIPSY (Groningen Image
Processing System) software to model the 2D map and to otttaideprojected values of the velocity
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Ficure 3.16— The FWHM maps for some emission lines. From top-left to batraght: [O 1], [O 1], HB, [S 1], [N I], H «.
North is up and East is to the left.

Ficure 3.17— The velocity maps of gas ([O Ill] and ) and stars with the continuum contours overlaid.
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Ficure 3.18— The maps of density and ofddWHM with the contour of ik FWHM overlaid and the H velocity map with
the cone contours overlaid.

to build the rotation curve. This task uses tilted-ring mdddit the velocity field, in the sense that it
models the velocity map using concentric rings and takirig account the inclination on the line of
sight. The observed velocity v(x,y) is reproduced by thisrfola:

V(X,Yy) = Vo + V¢(R) sinicos (3.12)

where )
—(X = Xo) sing + (y — Yo) cOS¢
R
Xp and yy are the sky coordinates of the rotation center of the galaxys the systemic velocity; ¥R)
is the circular velocity at distance R from the cenigiis the position angle of the major axis; i is the
inclination of the galactic plane artlis the azimuthal angle in the galactic plane. Before stgytime
needed to calculate the inclination angle arccos(g), where a and b are the semi-major and semi-
minor axis of the gas or stellar emission. We obtained i, bgutating the b and a values from an ellipse
that matched the distribution of the emission. From thigps#l we also got the PA of the emission. We
corrected the velocity maps for the systemic velocity, gidhe values obtained in the central spectrum.
Once we determined the position angle (PA) and the incbnafi) from the maps of the emission line
flux, we could run ROTCUR. We fixed the following input parasrst inclination £40°, that was the
same for the [O Ill] and ki maps, the systemic velocity (0.0 km}, the expansion velocity (0.0 km
s™1) and the coordinates (x, y) of the center of the galaxy. Theminput parameters were radii of the
concentric rings in arcsec, the first guess for the rotativelcity of each ring and the position angle,
and we let them free. First we applied this task to the whole@Dcity map, fitting both the approaching
and receding side at the same time, this output was used aisforthe task VELFI that reconstructs
the model of the observed velocity field. This image is usaiule compared with the original one in
order to check if the model can reproduce the velocity map.th@nother hand, to get more accurate
values of the deprojected velocity in order to build the eiéocurve, the velocity maps were fitted in
two steps, first the receding and then the approaching siadecdmpared the gas rotation curves with
the stellar rotation curve, obtained applying ROTCUR todtatlar velocity map &54°). We found that
the kinematical behaviour and the velocity values are sinfidr stars and gas and also the NTT longslit
data show a similar behaviour, this implies that the kinérsadf the ENLR gas and of the stars are

cosd = (3.13)
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Ficure 3.19— Rotation curve for stellar and gas components (left); rotaturve for the two components of the [O 111]
(right).

dominated by the same gravitational potential (see Figut®)3 But looking at the 2D maps we have
already seen that the kinematical axis of stars is incliffearaund 30 with respect to that of the gas
(Figure 3.17). This could be a projectioffext: gas and stars could be distributed in fiedént way
and in a diferent plane. Stars are in agreement with the continuum Emjsastead gas velocity maps
are oriented according to the gas emission. We derived tloeixemap for the stellar component also
using FXCOR task of IRAF, to check if the STARLIGHT deterntina was acceptable. We find similar
results with FXCOR. We calculated the errors in velocitynbgasuring the observed position of one or
more sky lines. This assumes that the main contribution ecetinors is due to wavelength calibration
errors. When we found more sky lines we averaged the valbégining a single value (see Figure 3.20).
We should take into account théNBratio of the emission lines (Corsini et al. 1999), in fadhié errors
are due only to wavelength calibration, the error value khba the same in the whole f.o.v., instead we
can see from the histograms that there is a distribution.attiqular where the 8l is high, the error is
due only to errors in calibration, instead where thiN & low, the error is larger, because it idftiult
to estimate the central. In our case, the /8l of these emission lines is high in the whole field and the
errors are mainly due to calibration errors. The errors n&lalger in presence of asymmetries. For the
high resolution data we have also the error due to the fit ofvtleecomponents.

By assuming that gas and stars are on circular orbits in a&plaa can fit the rotation curves with
the following formula (Bertola et al. 1991):

Ar

ve(r) =
where A, @, and p are parameters and r is the radius in arcsec. The p @arais between 1 andA
We fit the gas rotation curve, using both [O l]] and Ksee Figure 3.21) with A 300 km s, c=2.""5
and p= 1.1. By fitting the stellar rotation curve (see Figure 3.21) werfd A= 200 km s, c= 2,
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Ficure 3.20—(a) Errors in the velocity determination for the [O 1] rdi@n curve, median value 12 km s?; (b) for the
Ha rotation curve, median value 17 km s?; (c) for the stellar rotation curve, median valge km s,

p = 1. By assuming a spherical potential, we can infer the masshition M(r) using the following
formula and assuming that the maximum extensioi-ig’t (corresponding to 3.6 kpc):
rv2 A?r3

We found Myadr < 77) = 4.45x 109 Mg, and M, (r < 7”) = 3.1 x 109 Mg, where Myasand M, are
the gravitational masses derived from gas and star velouaityes, respectively. From the analysis of the
rotation curves we infer that the mass is 30'° < M < 4.5 x 10'° M.

We analysed the NTT spectrum by dividing it into regions (@igeire 3.22), finding broad component
in external regions. N, Al, A2, B1 and B2 cover a region~af’, B5 covers a region of 1.65’, A4
and B4 cover a region 0£2.33’, B5 and B6 cover a region of 3”. Broad components are visible
in B4, B5, A3, A4. In B4 and in A4 it is asymmetric, this could phy the presence of more (at least
2) broad components in [O Il1] (Figure 3.23). By measuring FWWHM of the broad component, we
found a value of 100 A corresponding t6x10° km s1. This is quite strange, in fact this broad
component is not visible in the nuclear part, as in the caseasé internal NLR, but only in the external
regions. Itis not a BLR component also because it is visib[©®illl], less in Balmer lines. The velocity
curve obtained with NTT data was deprojected: being the RA@Elit along the direction of the [O IlI]
emission semi-major axis, we considered only the inclomtso the corrected velocity{mwvas obtained
from the observed velocity {ys) by applying the following formula:

Vobs
Ve = — 316
¢ sini (3.16)

where i is the inclination with respect to the line of sighttained from the semi-major and semi-minor
axes of the [O Ill] emission:

: b
i = arccos(a) 3.17)

The comparison between this rotation curve and the onegebtirom IFU data show a good agreement.
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Ficure 3.21—Fit of the rotaton curve to determine the mass from gas (eft) stars (right).

Ficure 3.22—The NTT spectrum extracted regions. North is down.
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Ficure 3.23— Spectra of the extracted regions showing broad [O I11] cong.
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Ficure 3.24— Comparison between the multi-component fit and the [O 114 atellar velocity maps. Top:[O 1lI] velocity
map obtained with a single component fit, the main componktiteomulti-Gaussian fit and the broader one. Bottom: stellar
velocity map, and the ROTCUR models of the two [O I11] computse with the ellipse used to estimate the PA of the kinematic
minor axis, overlaid in black. North is up and East is to tHe le

From the high resolution spectra a more accurate analy#iie dinematical behaviour of the ionized
gas has been carried out. We decided to focus on the [@30D7 line because it has the highegtl @nd
it is emitted by gas having a high ionization degree. We ttgeiientify more kinematical component,
by using a multiple Gaussian fitting. In this way we were ablelétect two components, the second
broader than the main one. Their presence points out thelwatgokinematic structure of the Extended
Narrow Line Region. We tried to fit the high resolution MPF®&apa with PAN and two Gaussians, and
considering only [O 11112 5007, but theAd between the two components were too small and PAN was
not able to separate the components and often it exchangezktitral wavelengths. So we decided to
apply XAlice with MIDAS. From this analysis, we obtained thex, velocity and FWHM maps for both
narrow and broad components (see Figure 3.24 and Figurg. 3T two components havefidirent
velocities and dterent inclinations of the minor axis. For the main compowesfound values ranging
from -120 — -100 km " (blue colors) and 150 — 170 kni’s(red colors) and higher values of FWHM
(red colors) equal to 350 — 400 km's The broader component has lower values, from -80 kh{ldue
colors) to 120 km s (red colors) and obviously larger values of FWHM, up to 7069 Km s1.

We compared the velocity fields of the two components wittste#ar and the single-component [O
1] velocity fields (Figure 3.24). As in the case of the siadit [O I11] velocity fields, the velocity maps
of the two components are not aligned as the stellar veldieity. We showed also the models obtained
with ROTCUR with the ellipse used to estimate the PA of theekiatic major axis overlaid in black.
We found PA=130 for the stellar map and two fiierent PA for the [O 1ll] components: RAO7 for the
narrower and PA140 for the broader one. By comparing the FWHM of the [O 1ll]] compats with
the single-fit [O 11]] map we found (Figure 3.25) that the highbulence region oriented as the minor
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Ficure 3.25—Top: The 2D maps of [O II] flux, for the single-component fitcafor the two-components fit. Bottom: The
2D maps of [O 1ll] FWHM for single-component and two-compateefit.

axis of the gas emission is still present in both components.

We also found another component, a narrow peak, clearlpleish one aperture at a distance of
4”.2 (2.2 kpc) from the nucleus (see Figure 3.26), detectedsiradd in both [O 111115007 and14959.
This component is visible also in three other aperturessthdce of 4 — 57 (2 — 2.5 kpc) South to the
nucleus, but the /Bl of these spectra is very low. It is a small component in isitgrbut with high value
of velocity, about 400 km3. This indicates the presence of a radial motion that can pead in such
an interacting object.

To get the deprojected velocity (Figure 3.19) and to modeMglocity field, we used ROTCUR. We
subtracted from both the maps the value of the systemic iglobtained from the velocity map of the
narrow component. From theftérence between the 2D velocity maps we can make some hypothes
about how significantly dierent the two velocity fields are. By considering the histogi(Figure 3.27)
and the errors for the velocity determination (Figure 3.2@) can see that the median value of the
difference is 77 km3 that is higher than @ (the median error for these data is 12 knt)s so the
difference between the two velocity maps is real.

After having found hints of multiple components in [O lll]gdiles, with high resolution MPFS data,
we decided to explore the kinematics within the cone at ligpectral resolution. We analysed a high
resolution (R-8000, instrumental FWHMO.85 A) echelle spectrum obtained with the slit orientechglo
the ionization cones. By only looking at the spectrum isctbat the emission is due to various sub-
components at éierent velocities (see Figure 3.28). We can see from Fig@@ tBat the emission line
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NOAO/IRAF V2.14.1 cracco@ltcracc Sat 01:04:05 20-Nov-2010
[ngc7212B dered[*,71]]: NGC7212 1200. ap:71 beam:76
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Ficure 3.26— The MPFS high resolution data showing a component-a#f@0 km s*. This component is visible in fland
[O 1] emission lines.
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Ficure 3.27— The histogram show the distribution of theéfdirence between the velocity map of the two [O I11] components
The vertical dashed line indicates the median value that len7s2.
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Ficure 3.28—The echelle spectrum in the [O 1lI] region (up) and+HN 1] region (bottom). The complex kinematics of
the gas emission in this galaxy is clearly visible.
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profile of [O Il1] is strongly variable and depending on thesal position. Itit dificult to reproduce such
a profile in an authomatic way also because of the varialofitye relative intensity of the components
that makes hard to apply the same solution along the whoendgtl emission. Notwithstanding high
spectral resolution, in the high ionization gas, the conemts of the emission line profiles are broad, so
we decided to analyze the lower ionization gas, using thd][8nission lines, in which the emission
lines are narrower and it is less hard to identify and distisig the diferent components. We found at
least four components atftérent velocities (see Figure 3.30)1\w —300 km s, vi» ~ —150 km s?,
viz = 0kmstand vis ~ 170 km st, for the [S 1I] 1 6716 A. These components corresponds to the v
V2o, Vg and a4 of the [S 11] 16731. The FWHM of the central component of [SIB]/16 is~ 4.6 A,
corresponding te- 200 km s'. Maybe the lower velocity components are blended in thed[Galll]
emission line profiles and are not detectable in lower résoiuata.

The above mentioned higher velocity componen400 km s?) is not visible in the [S 11]16716
profile, because it is weak and it falls inside the [SA8731 profile. This component could be in
agreement with the highest velocity component found for[§é] 16731 at g5 ~ 450 km s?. Itis
worth noting that the ratio between the emission lines carepts is variable and is reversed, meaning
that depending on the distance from the nucleus the physaraditions change. In particular, if [S
1116716/[S 1116731 > 1, then the density i 500 & cm™3, instead if [S 11]671@S 1116731 < 1, then
the density is> 500 € cm3. From HST images we see that the ENLR is formed by filamerkslyli
regions at dferent velocities that could be more easily seen with lowzatibn gas, because in this case
the emission line are narrower, there is less turbulencerendomponents can be separated.

3.6 lonization cones

From the ionization map we have detected an elongated aadded high ionization structure with high
values (10-12) of [O IlIJHB, up to 4 kpc from the nucleus, pointing out for the first time presence of
an ionization cone in NGC 7212 (see Figure 3.33) orienteth@galaxy minor axis. This is confirmed
by the plot of the ionization degree as a function of the radithe regions inside the cone are marked by
red squares, while blue triangles represent the regiorssdeuthe cone. We built the plot of the trend of
the [O Ill]/HA ratio with the distance from the nucleus, dividing the smkeside and outside the cone
(Figure 3.31). We found that, as expected, outside the ¢tbaeatio decreases with the distance from the
nucleus, instead inside the cone the ratio is high evendan the nucleus (up to 4 kpc). This could mean
that inside the cone there are more mechanisms that iorézgash In order to understand if the AGN can
account for such a high level of ionization, we considerednihmber of ionizing photons estimated from
the observed H luminosity L(Ha) and compared these values with the number of photons enfijte
the nucleus diluted by the covering factor. Firstly we ckdted the L(Hy) from the reddening corrected
Ha flux (fo(Ha)) with the usual formula:

L(He) = 4rnd’f(He) erg st (3.18)
Then we derived the number of ionizing photong{f\heeded to observe these values of &fHusing:
Nph = 7.3 % 10"'L(Ha) ph s (3.19)

By means of these values we tried to estimate the intringj¢ by considering only the circumnuclear
spaxels. In doing that, we are assuming that the centrabsaalong the line of sight, where the AGN
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Ficure 3.29—The [O I11] emission line profiles at fierent distances (in arcsec) from the nucleus.
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NOAO/IRAF V2.14.1 eraccodlterace Tue 16:45:08 19-0ct-2010
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Ficure 3.30—[S 1] emission line profiles at dierents distance from the nucleus. The peaks corresponalitig tvarious
components are consistent.

is obscured by the torus. Therefore in that direction we etmehave a luminosity value lower than the
intrisic value. Assuming that the>x33 circumnuclear spaxels are not obscured, we derived thervdrs
Nph value divided by the solid angl€X(4r), to get the total intrinsic emission. We used the valuesiens
the cone, since we can expect that along the cone the radiioflow, while orthogonally to the cone
the radiation is absorbed. We foungiN= 9.4 x 10°3 s, Then we compared the observed values
with the intrinsic values diluted by the solid angle of eaplxel. We computed the ratio between the
observed value and the diluted one and we found the distribint Figure 3.32 and a median value of
0.84, indicating that the active nucleus is the dominaniziag source of the regions within the cone.
The ratio between observed and diluted values can be eqdalléoger or lower. In the first case, the
ratio is equal to 1 and this means that all the photons detécta region come from the nuclear source.
If the ratio is larger than 1 (as in few cases), this meanstiese are other ionizing sources, because we
are measuring more ionizing photons than the ones comingtie nucleus; in other words, the photons
coming from the nucleus are not enough to ionize the gas.li¥Fiifighe ratio is smaller than 1, the gas
in that region has filling factor smaller than 1. In this cdse AGN can sustain the observed ionization.
We checked the spaxels with this ratio larger than 1 and weddliat in most cases these are inside the
cone, this assure that the AGN contribution is dominant.u&sag that the gas filling factor in all the
regions is 1, we can get the lower limit of this value.

The aperture angle of the cone{g0°, but, as we mentioned in Section 3.4 this angle could bedarge
to account for the C1 and C2 region (showing very high valdéseoratio, but not apparently belonging
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Ficure 3.31— The trend of the ratio [O IIJHB and the distance from the nucleus, the red squares are tkelsjzside the
cone, the blue triangles the regions outside.
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Ficure 3.32— Histogram showing the distribution of the ratio betweendhserved and diluted photon number, the dashed
line indicates the median value that is equal to 0.84.
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Ficure 3.33— The ionization map with the cone contours overlaid, the WERTage of NGC 7212 nucleus and the same
with the cone contours overlaid.

to the cone) and the AGN-like ionization observed also famfthe nuclues and in a direction orthogonal
to the cones (see regions A, B and their diagnostic diagrdim.total size is 12 corresponding te-6
kpc, oriented at PA150°. The FWHM is around 200-300 km“sand the density is 10° cm3, without
atrend inside the cone (see Figure 3.34). We constructedred2D maps showing the distribution of the
temperature and we overplotted the cone contours (seed=8J84), finding a gradient of temperature,
with higher values in the norther region. The mass of the gake ionization cone was estimated
following two methods. The first one makes use of theltiminosity (Ho 2009):

(3.20)

M(LHQ)=2.97><103(100C"T3)( mal )@

M
Ne 1038ergs?!
The second method assumes a Galactic dust-to-gas ratioakabsmse of the interstellar extinction (Fu
& Stockton 2007):

M(Av) = 1.5 x 10’kpc?mag Ay (s x 6)*M (3.21)

wheresis the scale in kp¢ and@ is the size of a region in arcsec. The results of the two metlaoel
different, as shown by the two distributions in Figure (3.36)netibe logarithm of the masses is plotted;
in particular the second method gives larger values. Tha tatues are M(k,) = 5.16 x 10°Mo,
M(Ay) = 3.16 x 1®M,. The reason of this discrepancy could be the fact that thedensity used
in the first method is generally based on the [S 1] line ratithich fails in case of a very low density
medium, that could constitute a large fraction of the magb@fyas in the ENLR. This could cause an
underestimate of the ENLR mass with the first method. Esiimgahe mass of gas can give an idea of
the origin of the gas, in fact a large amount of gas can be mqalaby acquisition of external material
resulting from a merger or an interaction event.

By considering the work of Whittle (1985) about the emisdiae profiles and the asymmetry, we
tried to calculate the asymmetry using the [O IIl] emissiore lof the higher resolution spectra. By
calculating the area under the emission line and the wag#ierorresponding to the 10%4(), 50%
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Ficure 3.34— Map of the temperature obtained from [O IlI] ratio and of tlemslity obtained from [S I1] ratio, with the cone
contours overlaid.

Ficure 3.35—From left to right: density map, the same with the continuumission at 5500 A contour overlaid, thexH
FWHM map with the cone contour overlaid. Higher values ohla¢nsity and FWHM are red coloured.
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Ficure 3.36— Logarithm of the mass distribution obtained with the two hoets.
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(150) and 90% fgo) of the emission line area, we obtained the asymmetry (asym)

a= Aso — 410 (3.22)
b= 90— 150 (3.23)

== 3.24
asym= 2o (3.24)

If there is a blue wing in the line profile, thensab and asym> 0, instead if there is a red wing (blue
colours in Figure 3.37), then a b and asym< 0 (red colours in Figure 3.37). We reconstructed the
asymmetry map (Figure 3.37) which shows two distinct regjiame with positive and the other with
negative asymmetry. These two regions match the ionizatime contours. We found [O IlI] emission
line profile with blue wings (red colours, see Figure 3.37hia North part of the ionization cone, while
the center-south part of the cone is characterized by [Owlith red wings (blue colours, see Figure
3.37). In the nucleus we found a symmetric profile (see Fi@uB&). This suggests the presence of gas
in radial motions, outflow or inflow, inside the cone. The asyatry is not correspondent to the higher
FWHM regions, that is orthogonal to the cone, thereforedhegh values of FWHM is not arflect of
multiple kinematical components.

3.7 Summary of the results

We studied the physical and kinematical properties of thheuoinuclear gas in the nearby Seyfert 2
galaxy NGC 7212. We analysed this object by means of longstihelle and integral field spectra
and broad-band images. By studying the VO diagnostic IFUsmapanalysed the distribution of the
ionization degree in the f.0.v. We pointed out for the fingtdithe presence of an ionization cone in NGC
7212, with high values of [O IIJHB (up to 12), at a large distance from the nucleus (up to 3.6.kpc)
The cone is oriented NW-SE direction, at PAL50° close to the photometric minor axis of the galaxy,
with an opening angle of about 7Z0The cone is more extended in the North directioti £73.6 kpc)
with respect to the South (55 = 2.8 kpc), while both in [O IlI] HST images published by Schinat

al. (2003) and Falcke et al. (1998), only the South high iatiim emission was detected, showing a
structure made of clouds or filaments (see Figure 3.33). Tdssmf the ENLR was calculated by means
of two different methods based on the liminosity and on the interstellar extinction. We found &uea
between %10° and 3<10° M. This object is in an interacting triplet, with the two nestrgalaxies in
an on-going merger, in the N-E region. We found high valuepNofi] /Ha and [S llJHa toward this
interaction region: this could be related to shodleets, so we can have a combination of ionization by
the active nucleus and by shocks. From the 2D velocity mapspund diferences between the stellar
and gas kinematics. The velocity fields are misaligned, tithstellar kinematical minor axis aligned
as the photometric minor axis, instead the gas kinematidgalisitilted of 30' with respect to the stellar
one. We studied the asymmetry of the emission line profilsilnthe ionization cone according to the
work of Whittle (1985). We found [O Ill] emission line profgewith blue wings in the North side of
the ionization cone, while the center-South side of the dsmharacterized by [O I11] with red wings.
On the contrary in the nucleus the profiles are symmetrics Shggests the presence of gas in radial
motions, which is confirmed also by the analysis of the higdolgtion spectra. Indeed studying the
echelle data, we found that the ionization gas is charaetrby multiple kinematical components at
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Ficure 3.37— The asymmetry maps obtained by analysing the high resal{@olll] emission line profiles with the cone
contour overlaid. Three examples of [O Il1] profiles irffdrent regions of the f.o.v., from up to bottom, the asymmealtye
ranging from negative to positive values. The first panemsha spectrum in the blue part of the asymmetry map, with
asymmetry equals to -0.14 with a red wing; the second pamsisian example of profile without asymmetry (green color in
the asymmetry map); the last panel shows an example of regl (@gymmetry0.21, red color in the asymmetry map).
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different velocities, we found at least four components;at v300 km st, v, = -150 km s?, v3 =
170 km st and v = 450 km s, with respect to the recession velocity. The ENLR gas mieitgliwas
estimated by measuring the observed emission lines rattbs@mparing them with CLOUDY models,
obtaining sub-solar values.

In summary we found a large amount of low metallicity gasekimatically disturbed and decoupled
from stars, whose highly ionized component shows radiaionstat diferent velocities proved by the
complex profiles of the spectral lines. All these propersiepport the idea of an external origin of the
ENLR gas in NGC 7212, likely due to gravitational interaatigtects in act in this triple system.






MRK 6

THE second interesting object we studied is the intermedigte 8eyfert galaxies MRK 6 £0.0188,
scale=0.385 kpg¢”’). We selected this object by looking at the HST narrow bandI[[Omage by
Schmitt et al. (2003) and the ground-based [O Ill] imagesk{Ka et al. 1996) showing a very extended
emission. We took a longslit spectrum with AFOSC and then aedibd to map and study the extended
[O 111] emission by means of integral field dagandr broad-band images and AFOSC longslit spectra.
In the first section we report a summary of the informationuahdRK 6 taken from literature, in the

five following sections we describe the analysis of the eimisbnes ratios, the gas and stars kinematics
and the morphology of the galaxy. A summary of the resultg®rted in the last section.

4.1 MRK 6 in literature

Mrk 6 is an early-type (SOa) Seyfert 1.5 galaxy (Osterbrock@ski 1976) with a compact variable
nucleus, in a pair with IC 0451 located dt%to the North. Its optical hydrogen lines have a great deal o
structure and have shown substantial profile variationa@Ktkian & Weedman 1971), suggesting that
much of the line-emitting gas has a spatially coherent belbaity field. It is also one of the Seyfert
galaxies that have radio emission on both small and lardescdsing the Westerbork Synthesis Radio
Telescope (WSRT), Baum et al. (1993) detected a pair of legak radio lobes extending NE-SW
and a smaller scale radio structure extending E-W. Higblséisn MERLIN observations of the nuclear
region by Kukula et al. (1996) revealed a well-defined je¢pging in the N-S direction. This jet is nearly
aligned with the ionization cone reported earlier by Meabeiral. (1989) and the optical polarization
position angle derived through spectropolarimetric olketgzns (Smith et al. 2004). Kukula et al. (1996)
also found some evidence of a pair of lobes on the sides okththgt corresponded to the E-W radio
structure observed by Baum et al. (1993) and Nagar et al.9]19hey carried out an extensive study
with the Very Large Array (VLA) and found that the radio eniigsoccurs on three flierent spatial
scales: 7.5 kpc bubbles, 1.5 kpc bubbles, and a 1 kpc radialjdying roughly orthogonal to each
other. All the radio structures appear to originate fromrriea AGN core. They tried to explain radio
morphology with a model of precessing jets.

85
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Meaburn et al. (1989) used the Manchester echelle spediegmages on the William Herschel
Telescope (WHT) to map the [O Ill] distribution in the nucteof Mrk 6 and to measure the line profiles
along the major axis of the [O IlIl] structure. They found weaiission from ionized gas extending out
to 22 kpc from the nucleus in a N-S direction, roughly aligmeth the axis of the double radio source but
tilted by 60 to the major axis of the elliptical contours of the outer oglticontinuum emission. The [O
1] lines in this extended structure are much narrower ttientypical values for a Seyfert NLR, and are
indicative of material that is undergoing ordinary galacttation. Although the ENLR in MRK 6 does
not exhibit the obvious biconical structure seen in somerd#eyferts, it does have sharply defined edges
suggestive of a wedge of ionized gas formed by the intemect a cone of ionizing photons with the
plane of a gas disc (Meurs 1989; Robinson et al. 1994). Thesoived intense optical nucleus probably
lies between two radio sources separated by aljbantl aligned with a PA 177 (Ulvestad, Wilson &
Sramek 1981; Ulvestad & Wilson 1984), embedded in a morensite radio component which is 30
across and aligned with PA85°.

Kukula et al. (1996) carried out a ground-based study of thisgon-line morphology of MRK 6,
providing evidence for the existence of a large-scale tadiacone outside the jet. By means of HST
emission-line observations obtained with the Faint Obfgamera (FOC) in [O 111]245007 and [O 1]
A3727 together with the new high-resolution radio map, tleghors revealed a jet-like emission line
feature which extends”05 from its nucleus.The central ridge of the jet shows a highwization that
the surrounding diuse emission. This optical jet is co-spatial with the radibgnd shares its bent
morphology. These results strongly support the interficetahat the structure of the NLR of Mrk 6 is
dominated by the compression and heating of the interstgdla generated by shock waves formed by
the supersonic radio ejecta (Pedlar et al. 1989; Taylor. €i9812).

Absorption in the nucleus of Mrk 6 has been studied at radiarimfrared, and optical wavelengths.
In the radio band (Gallimore et al. 1998), H | (21 cm) absonptis detected only toward a bright,
compact radio feature located, in projectiory, dorth of the optical nucleus. However, Gallimore et
al. (1998) did not detect a clear radio candidate for the AGkecand thus it is not clear that radio
measurements have constrained absorption along the Isighifto the AGN. Several near-infrared and
optical observations have been performed in attempts teti@n the reddening to the NLR of Mrk 6.
Based on [O II] and [S 1I] line ratios, Malkan & Oke (1983) segted an E(B-V) of 0.180.08, which
corresponds to an absorption column density of£0.8)x10?* cn? by assuming a Galactic dust-to-gas
ratio (Burstein & Heiles 1978).

Finally, Mrk 6 has been very poorly studied in the X-ray reginThe only X-ray detections are a
possible Uhuru detection (as 4U 0638}; Forman et al. 1978), a probable HEAO-1 detection (as 1H
0641]741; Grossan 1992), and a secure ROSAT All-Sky SuR&SS) detection (as 1RXS J0652097812537;
Voges et al. 1996). Nevertheless, Feldmeier et al. (199@ated a very interesting spectrum in the
0.69.5 keV band, showing heavy and complex intrinsic aligorgn the AGN nucleus, a power law
continuum ofl” ~1.6 and an apparently broad 6.4 keV iron Kne.

4.2 Data analysis

We analyzed both high (R 1800, ati = 5500A) and low (R= 900, at1 = 5500A) resolution IFU
spectra. High resolution data were taken in twiadient field of views, the first centered on the galaxy
nucleus and the otheiffecenterd by 8 towards North (see Figure 4.1). In this way we were able to map
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Ficure 4.1— g-band image of MRK 6 with the [O IlI] contour (in blue) from Kula et al. (1996) and the two MPFS f.o0.v.
(in black) overlaid.

and study both the nuclear and the extended gas emissieadglfound in Kukula et al. (1996). We
took also longslit spectra (R 370 at1 = 5500 A) with AFOSC with the slit oriented at twoftérent
position angles (PA= 0° and PA= -30° ). The low resolution data were used to study the emissi@slin
flux distribution, the gas physical properties and to araly® ionization mechanisms in act, by means
of the diagnostic maps and diagrams. The high resoluticaatad the longslit spectra were used to study
the kinematics of the ionized gas, using only [O Ill] and Emission lines.

MRK 6 is an intermediate type (1.2 — 1.5) Seyfert galaxy, adlthe emission we observed is a sum of
BLR and NLR contribution. Since we are interested in the fsysf the NLR gas, the BLR contribution
must be subtracted. We started from the assumption that e dmponent can be represented as
a point source, namely a 2D point spread function (PSF). @aksimption is supposed to be correct
because the BLR is an unresolved source. First we need teatecthe correct PSF. We fitted the line
profiles of H3 and Hx in the nuclear spectrum using NGAUSSFIT, which allows tdgren a multiple
Gaussian fitting. The 1D fit for the low resolution data is showFigure 4.2. We did not find a unique
solution especially for 4, as shown in that figure, but finally we decided to use a sirsiéution for H3
and Hy, with three broad components and one narrow componeng #iese lines originate from the
same region. We tried to apply the same solution also for tetitered andfé-centered high resolution
data. Then we rescaled these fits considering the lighthlisin in the f.0.v. of the PSF representing the
BLR emission. We reconstructed 2D maps of the emission ftarbtoad wings of @ and Hx (Figure
4.3) and we used them as PSF. We trieffiedent spectral ranges to find out the best representation of
the PSF, and then we normalized this map using the intenaltyevof the central spaxel. In this way
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FiGure 4.2— The 1D fits for the low resolution data are shown. Upper-leftgl: the first attempt for Blwith one broad
component and another component betwegrakd [O 11I] A5007. Upper-right panel: the final fit forgHwith three broad
components for @ and one broad component also for both [O IlI] emission linesver panel: the final fit for k4 with three
broad components.
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Ficure 4.3— The 2D maps of the distribution of the point-like emissioonfrthe broad wings of hl (left) and H5 (right)
lines.

we obtained a 2D map of the daeients (between 0 and 1) to be multiplied for the 1D fit of theRBL
profile in order to rescale it, according to the normalized Rftensity. We reconstructed a 2D spectrum
and we obtained for each spectrum the correct BLR contdhuty be subtracted. Finally we subtracted
from the original spectrum the BLR spectrum, obtaining dhly NLR contribution (Figure 4.4). The
subtraction is acceptable and allows us to better measerngatinow emission lines.

By analyzing these data we derived maps of flux, velocity awtHM for each line in the whole
field of view. In order to estimate the reliability of our measments, we calculated thgNsof the
continuum for MPFS data (see Figure 4.5). These data havedtves of $N: the median values for
low resolution data are4.5 and~6.3, measured at rest-frame 5500 A and 7000 A. The higheluteso
data have smaller values: around 1.3 and 1.9, measured-ftar@e 5500 A and 7000 A, respectively.
We tried to apply STARLIGHT to these data, but we did not gebadyresult, because of the lowNs
of the continuum and also because in MRK 6 the continuum isinlated by the AGN contribution.
Therefore we have no information about the stellar compbfrgrthis galaxy. All the measured fluxes
were corrected for Galactic extinction and should be ctéeckalso for the internal reddening, using the
Balmer decrement. Firstly we calculated thev(by means of the k/HB map and using the Cardelli
Clayton and Mathis (1989) extinction law. We found high \eawf extinction, up to 4.5 — 5 mag, in the
North-West region (5 from the nucleus). In the nuclear region we found values@mag. We applied
this correction, obtaining too high values for [O I1] flux, nmompatible with an ionizing source with a
power-law spectrum: we found values 2 — 3 times more intemse N 11]. Furthermore the corrected
flux distribution becomes asymmetrical, due to the strorgnasetry in the extinction map (see Figure
4.6). By comparing the A() map with the color map (see Figure 4.15), we did not find reacsires
in the North-West region, that could justify high values ofV), instead we found dust lanes in the
East part of the galaxy. These high values o¥/A€ould be due to a wrong subtraction of the broad
component for I8 andor for Ha. To avoid introducing additional errors, we decided notdaaect for



90 CHAPTER 4. MRK 6

Hp [oI0] Hee+[NII]

it b b
I

Ficure 4.4— The MRK 6 multi-aperture spectrum, before (upper panel) aftet (lower panel) the subtraction of the broad
point-like contribution. The result is acceptable.
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Ficure 4.5— The SN ratio for each dataset. Solid line indicates tii Satio measured at 5500 A, and dashed lines indicated
the SN ratio measured at 7000 A. We obtained thil 8istribution for low resolution data (a), high resolutidata centered in
the nucleus (b) and high resolutioff-centered data (c).
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FiGure 4.6— From left: the AYV) map with the continuum contour overlaid; the [O 1] flux befcand after the extinction
correction. It is clear the strongfirence in intensity and distribution of the [O 11] emission.

internal reddening being the measurements of thgHAratios not so accurate. We estimated the flux
errors, assuming that the determination of the positioh@tontinuum level gives the main contribution
in the errors measuring emission line fluxes. The erdrare obtained dividing the reddening corrected
flux F¢(2) by the N of each emission line, calculated as the ratio of the aomgittamp{)) of the line
divided by the standard deviation (rm¥) of the continuum in a spectral region near the emissiaat lin

Fe(4)

~ SN “-1)
S | amp()
N(/l) = Tms) 4.2)

4.3 Emission line analysis

Each reliable emission line in the reduced low resolutioectija was measured and the flux map re-
constructed. These maps represent the spatial distriboficghe emission for each spectral line. We
measured the following 20 emission lines at least in theaaxdlegion [O 11]13727, [Ne 111] 23869, [Ne

1] 23968, [S 11124070, K 24102, Hy 14340, [O 1ll] 14363, He 1114686, HB 14861, [O IIl] 14959,

[O 1] 25007, He 145876, [O 1] 16300, [O 1116363, [N II] 16548, Hr 16563, [N 11] 16584, [S II]
A6717, [S 11116731, [Ar lll] A7135. All the emission line maps filtered considering only $ipectra in
which the 3N of the emission line is larger than 3 are shown in Figure Zhfe most intense emission
lines, such as [O Ill], [N 1], [S 1] and K, are extended for 12-14” (4.6 — 5.4 kpc) oriented along a
PA~160, the nuclear emission has a circular shape and its exteisgowabably limited by the f.o.v. The
fainter emission lines, such as [O ll]grand [Ne Ill] , are extended for”3-10" (1.2—3.9 kpc) with the
same position angle (Figure 4.8). The emission lines areemytextended except for the most intense
ones, probably due to the lowlratio of the continuum emission. The major axis of the quniim is
oriented at PA130° (Figure 4.8).
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FiGure 4.7— The measured emission lines and the reconstructed maptheAdlata with 8\ > 3 are shown. From up-left
there are the following emission lines: [O HB727, [Ne 1111 13869, [Ne 11]] 13968, [S 11124070, K5 14102, Hy 24340, [O 1II]
14363, He 1114686, H3 14861, [O I11] 14959, [O I11] 15007, He 115876, [O 1146300, [N 1I] 16548, Hr 16563, [N 11] 16584,

[S 1] 6717, [S 116731, [Ar 1] 17135.
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Ficure 4.8— The distribution of the emission ofgHand [O 11I] emission lines compared to the map of the steltatimuum

emission.
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Ficure 4.9— 2D map of the density measured with the [S 11] emission lindth the contours of the continuum emission at
5500 A overlaid. The orientation is as in Figure 4.8. Histwgs of density and temperature. Left: density obtainedguain
values of temperature of, = 10* K, the median value is780 € cm3. Right: temperature distribution, the median value is
obtained with [O [11]~28000 K.
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We analyzed gas physical properties: by means of the usuakiem line ratios, gas density and
temperature were calculated; by comparing our measuremeégtit CLOUDY models, we inferred an
estimate of gas metallicity. We calculated the density withIRAF task TEMDEN, by means of the [S
II] 1671716731 ratio, because the [Ar V] lines were not detected. Véelas input value of temperature
T=10* K and we calculated the density for each spectrum in which wasured the ratios, obtaining
a median value of 780 € cm 2 (see Figure 4.9). In the central regions, the density vahiaied
with [S 1I] emission lines is~ 10° cm™3 (assuming T = 10* K). We found high density in the inner
regions and lower values in the outer regions both Northt\Aled South-East to the nucleus (see Figure
4.9). The gas temperature can be obtained usifigrdint emission line ratios: with our spectra we can
use the [O IlI] lines al4959,15007 and14363, by calculating the ratio between the flux of the [O IlI]
A(4959+5007) and the flux of the [O 111j4363, and the [S I1] lines at6717,16731,44068 and14076,
by calculating the ratio between the flux of [S li[67176731) and the flux of [S [IR(4068+4076). We
determined the temperature with these two ratios, in the tawhich the14363 and thel4068+14076
could be measured. So the temperature derived with thigsieas not characteristic of the whole f.0.v,
neither of the whole gas, but only of regions in which thesediare detectable and gas emits [O IlI] and
[S 1l]. We derived temperature using TEMDEN, and using thieies of density calculated with the [S
] ratio. The [S 11] 14068 and14076 can be detected only in a small number of nuclear spé&XelsVe
found a mean value of 19000 K. The histogram for the [O 1lI] determination of temg@ire is shown
in Figure 4.9. The median value is28000 K, slightly higher than the [S II] determination. Thady
of metallicity for AGN is more problematic. In HIl regions din star-forming galaxies, the metallicity
can be measured through direct methods (Aller 1984) or bynme&empirical metallicity indicators
(Pilyugin & Thuan 2005), because in the stellar photo-iatian case, the ionization structure is known
an the total abundances can be inferred once the ionic aboeslaare measured. On the contrary in
case of ionization by a power-law spectrum, as for the AGH dituation is more complicated and the
ionization structure is very complex. There are not direethmds and to determine the metallicity must
be used photoionization models. We estimated the gas m#yalby comparing the measured fluxes
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Ficure 4.10—The diagram of log[N I1] /[S 1I]) vs log([N 1l] /[O 11]) compared with theoretical models by Vaona (2010)
with D/G = 1. From red (£ZZ©=3.5) to purple (ZZo=1) colors, the metallicity decreases. The arrow indicatesdirection
and magnitude of the shift due to the extinction correctmm#(V) = 1 mag. Black triangles are our data, coloured full circles
are models by Vaona.

with values predicted by models from Vaona (PhD thesis 20d€)pg the following emission line ratios
[N 11]6584/[O 11]3727 vs [N 11]16584[S 11]6724, being this the best diagram sensitive to the thetst
The models have a low resolution in metallicity because Waased few ZZ, values, nevertheless the
trend is clear. We used models with dust-to-gas ratj@(2zqual to 1. We plotted the uncorrected ratios,
because the extinction correction was uncertain, in pdaidn the case of [O 1] 3727 A. The arrow
in Figure 4.10 indicates the direction and the magnituddnefshift due to the extinction correction for
A(V) = 1 mag. 35% of the observed data could be fitted by the modeis,high values of metallicity
(1.5 -3 Z). This disagreement is not affect of extinction, indeed after the reddening correctian th
data are even more distant from the models. It should be dadote SN ratio of [O [I] 13727 emission
lines, but by considering data with> 5, most of the data are still distant from models. We need to
build other models in order to interpret our observed data.

In order to distinguish between ionization by power law arndstars or shocks we used in this
work the Veilleux-Osterbrock (VO) diagnostic ratios (Veilx & Osterbrock 1987). By calculating the
maps of emission line ratios ([O I/HB, [N ] /Ha, [S ll]/Hea) it is possible to investigate the ionization
mechanisms in act in the ENLR. The 2D maps showing the spdiimibution of the diagnostic ratios
(Figure 4.11) were created using the not-reddening c@dectaps, in order to study a more extended
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Ficure 4.11— The VO diagnostic ratios maps are shown. Top: [NHi and [S [IJHa. Bottom: [O IJHa and [O lI[/HB.
In each map, yellow-red color corresponds to high valuestead green-blue colors indicate low values.

field, not being limited by the small size of thegBldmission. In fact, in this case we are interested in
analysing the distribution of the diagnostic ratios in theole field of view. Furthermore, the emission
lines involved in each ratio are so closed in the spectruat,ttte extinction influence is expected to be
similar and to be minimized or removed when we calculate #ti@s. In each map, yellow-red colors
indicate high values of the ratio, instead green-blue satorrespond to low values. In the [O JHB
map we find values larger than 6 and up to 18 (red-yellow calwikate 9 — 15, green colors 4 — 7),
but only in the central part wheregtmission line was detected. [N/Ma shows higher values (up to
1.2 — 2.6) in the West region, instead [SH}r shows a ring-like structure with high values (0.45 — 0.5),
[O 1]/Ha shows higher values (0.2) in the East region. We calculdtmlthe VO diagnostic diagrams,
for the whole sample (Figure 4.12), which show high exatativith all the ratios falling in the AGN
region. The [N lIJHa diagram shows a larger spread in the distribution of theoregiinstead the two
other diagrams are concentrated in a small range in x-axidaager in y-axis. To separate thdidrent
regions in the diagnostic diagram (AGN, Hll regions and LR& we used the expressions from Kewley

et al. (2006): ol 061
| = ' 1.19 4.3
Og( HB ) |og(fNWLLl)—o.47+ 9
[o111] ) 0.72
| = : :
Og( HE ] log($Bl)-0.32 o @4
[olll] ) 0.73
| = 1.33 4.5
og( HB Iog(%l) +0.59 " (4:9)

The errors to be associated to the diagnostic ratios wer@utma with this formula:

err(fly)  err(fl)
fly fl, )

err(log ﬂ—l) = 0.4343x ( (4.6)

flo

where fi and fb are fluxes and err¢f) and err(fy) are the relative errors, calculated according to the
Equation 4.1.
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4.4 Morphological analysis

We selected from Isaac Newton Group (ING) archiyandr broad band images of MRK®, in order to
study its morphology, looking for hints of interaction. $tly, we modelled the isophote of the galaxy
by means of IRAF task ELLIPSE. We applied a first ellipse with following initial input parameters:
PA=130, ellipticity (e) = 0.5, semi-major axis (sma) 100 px <33”, the scale is 0.333px). We
ran ELLIPSE with all parameters free and we used the so aataiutput, to study the trend of the
morphological parameters: PA, ep¥nd Yo, and B4 as a function of sma (see Figure 4.13). From the
analysis of PA and e (top right panel in Figure 4.13) we didfimat particular structures or evidence of
a bar. From about’6-7" to the outer regions of the galaxy, both PA and e keep appiaeiyn constant
with a value of~13(® and ~0.4, respectively. In the most inner regions, from @ 77, ellipticity
raises from about 0.05 to 0.3 and PA decreases #dm0® to ~130°. To check the reliability of the
parameters variations, we compared them with the seeiagc#m be calculated, by means of the PSF
image. We found a value of 4.6 pixel, corresponding to 1’5 Therefore, the very inner values (for r
< 1.5”) cannot be considered reliable. Furthermore, in the vemgripart there is also the problem of
the saturated nucleus. The coordinates of the nucleus lkeegpant, with aAx and Ay equal to zero up
tor~ 157, while forr> 15" Ax = 2 -4’ andAy = 2 — 6’, then for r> 55” there are some fluctuations.
The B4 codicient (multiplied by 100) is used to estimate the boxy or gliskape of isophotes: B40
indicates a disky profile and B40 indicates a boxy isophote (Carter 1978; Jedrezjewski J1987%his
galaxy, B4 is between -2 and 8 fot r2”, for r between 2 and 4’ it ranges between 0 and 1. Forr
between 4.5 and 10 it decreases up to -3.5, then it raises up to 3, #2Q0” then it keeps negative
up to~50". The median value of B4 is -0.28. These are hints of smallri®sd in isophote shape. We
ran again ELLIPSE holding the center constant, and we usse ttiata to reproduce and analyze the 1D
surface brightness profile. We tried to fit the observed daiia avde Vaucouleurs profile, for the bulge
component and a Freeman profile (exponential disk) for thle dihese are the equations:

r 1/4
|buige = Ieexp{—7.67[(r—) —11} 4.7)

e De Vaucouleurs profile:

r\V/4
Hbulge = He + 8'325[(7) - 1] (4.8)
e
e Exponential disk:
r
laisk = lo exp[— (ﬁ)] (4.9)
r
fdisk = o + 1.085(5) (4.10)
e Sérsic law:
r 1/n
|bu|ge = Ieexp{—bn [(r—) - ll} (411)
e
with

by = 1.9992n- 0.3271 (4.12)
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Ficure 4.13— Morphological parameters ig-band. From top to bottom, the trends as a function of the seajor axis in
arcsec, the center of the galaxy (X,Y), the position anghg @hd ellipticity (e) and the B4 cdicient (multiplied by 100) to
estimate the boxdisky shape of the isophote. The observed surface brighpredile as a function of the semi-major axis of
the galaxy in arcsec, the de Vaucouleurs profile for bulge lire), the exponential disk (blue line) and the sum of thie t
components that well reproduces the observed profile (blaek
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FiGure 4.14— The results of the fit with GALFIT, from left: the original inga, the model and the residual image. North is
up and East is to the left.

We found the following best-fit parameterg=0150, £=2.5" for bulge and =10 and B20" for disk
(see Figure 4.13). With these first results, we applied the. @A software (Peng et al. 2002) that
allows to perform 2D models of the galaxy by means of analgticctions. Firstly, we modelled and
reconstructed the PSF of the image, by means of some stdre image. This is one of the input for
GALFIT, that convolves the models with the PSF image in otddretter reproduce the galaxy image.
There are various functions to be combined to fit the galavagien We used a Sérsic profile for the bulge
and an exponential disk for the disk. We did not use a pokatdiource to reproduce the AGN, because
our broad-band images were saturated in the very inner famarthe strong intensity of the nucleus.
Therefore, we were not able to reproduce the bulge compamdess constraining thefective radius
in a range of values (betweefi.65 and~3") and holding the Sérsic index fixed at4, according to the
previous analysis. We obtained, as output, the parameikres/shown in Table 4.1, a model image and a
residual image, result of the subtraction of the model froendriginal image the model (see Figure 4.14).
The analysis of the residuals reveals over-subtractedmediorth-East to the nucleus corresponding

mag le h ba |n| PA | db
bulge| 14.75| 1”7.67| — |0.85| 4| 119 | -
disk | 14.72| - 14" | 0.55| —| 130 | 0.16

TaBLE 4.1— Fit parameters for bulge and disk. The last column indictitesliskiness (d) or boxiness (b) of the components,
positive values indicates boxy isophotes.

to dust lanes visible iig — r image (see Figure 4.15). It is interesting to note that theraed [O 1l1]
emission from Kukula et al. (1996) well fit these regions.dAlsvo stellar shells are visible North-West
and South-East to the galaxy. Stellar shells are often imqulaas an #ect of gravitational interaction.
Therefore, even if from the morphological parameters wendidfind evidence of interactions, the dust
lanes associated with the over-subtracted regions ancteerdzd [O I11] emission and stellar shells are
hints of a merger episode.
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FiGure 4.15— The comparison between the residual image, with the recboemfrom Kukula et al. (1996) and the- r
color image. North is up and East to the left.

4.5 Extended high ionization emission

To fit [O 1] 25007 in the higher resolution data of MRK 6, we used two conepts because the
emission lines of central spectra have profiles with a braadponent plus a narrow one (see Figure
4.16). This broad component is due to the fact that MRK 6 isnégrinediate type Seyfert galaxy and
therefore we are looking deeper toward the AGN. This compbsil belongs to NLR component, we
are probably observing emission from gas that is nearertoghter where the conditions of density are
different and the influence of the gravitational potential ofdéetral SMBH is stronger. Furthermore
we see that this component is present only in the centraltrspaad the 2D image of its flux has a
PSF-like shape. This confirm our idea that this is an unresbbomponent coming from the inner part
of the NLR. We used PAN and we forced the two components to Haferent ranges of the FWHM
(see Figure 4.16). Then we decided, both looking at the isiagd checking the spectra, which spectra
really needed to be fitted with two components and we reaactstd the table for the broad and narrow
component.

The higher resolution spectra were taken with twidedlent f.0.v.: we were able to reconstruct the
mosaic of the total [O Ill] detected emission, shown in thgufé 4.17 together with the [O Ill] contour
from Kukula et al. (1996) and the continuum contour frgrhand image overlaid. We can see that the
central zone is really circular as in Kukula et al. (1996)toons, and the MPFSfbcenter emission
perfectly matches this contour. The nuclear and circula[[@mission is consistent with an emission
ionized by the AGN seen face on, being the galaxy an interatedype Seyfert. On the contrary from
the g-band contour of the galaxy it is clear that the [O Ill] emigsis not in agreement with the stellar
emission. We tried to estimate the mass of the ionized gas fhe Hr luminosity using the formula
from Ho (2009):

(4.13)

M(LHQ):2.97><103(100CM3)( Lt )@

1038erg st

Ne

We derived the density from the centered affidet maps of [S Il] , which show values distributed as in
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FiGure 4.16— Broad component in [O IIl] for a circumnuclear spectrum of KIR (left panel) and the two components fit
(right panel).

FiGure 4.17—Total [O I11] emission with the [O 11I] contour (left) from Klkula et al. (1996) and thg-band continuum
contour (right) overlaid.
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Ficure 4.18— The histogram of the density in the centered afidemter f.0.v. with the median value ot N 660 e cm3.

Figure 4.18, with a median value of;N- 660 € cm3. We did not correct for extinction thedHflux,
because the Bimap is less extended and also because phmelasurements are not completely reliable.
Therefore we obtained a lower limit for the mass, equal te: 8.2 x10° M. We also tried to apply an
extinction of A/) = 1 mag and AY) = 2 mag to check the influence of reddening on the result and we
obtained M= 6.8x10° M, and M= 1.4x10’ M ., respectively. The mass is dominated by the nuclear
and circumnuclear emission within about 2 kpc (MBx10° M) instead the fi-center lower intensity
emission gives a smaller contribution (M6 x10* My). We tried to estimate also the ionization degree
of the df-centered ionized gas, by reconstructing the [JHH emission map of theftset f.o0.v. (see
Figure 4.19). While in the inner part, we found values of [Q/HB ~ 5 — 6, in the North-West region
we found an higher ionization with values o0 — 11 (see Figure 4.19). Unfortunately, the spectra have
low S/N ratio, so it was not possible to reconstruct a complete nidpecdtset [O I1]/HB emission, but

the values we found are hints to a high ionization degree alé&iN.
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[OTIT/HP ~ 11

Ficure 4.19— The dfset map of the [O llIJHB and three examples of spectra iffelient regions showing ierent values of
this ratio. North is up and East is to the left.

4.6 Kinematical analysis

For the main emission lines, we build also the 2D maps of wgl@nd FWHM (see Figure 4.20 for
two examples: [O Ill] and K). The velocity maps were corrected for the systemic vefpciinsidering

as recession velocity the value obtained by measuring somssien lines in the nuclear spectrum (the
spectrum with highest flux in the continuum map). The insgatal FWHM values, obtained fitting
some lines of the comparison lamp, have been subtractedtfremeasured values: for each spaxel, we
subtracted the correspondent instrumental value, in dodiakke into account possibleftéirences in the
field. This is the usual formula:

FWHMorr = V(FWHMgpg)? — (FW H Mingy)? (4.14)

The low resolution kinematics of high ([O 111]) and low (H ionization gas show velocity fields with
different patterns (Figure 4.21):aHand [O IlI] velocity maps are misaligned and havéetient velocity
values. For [O Il1], the PA of the kinematic minor axis is 24td the velocity values range from -250 km
s1to 100 km s'. Instead for K, the PA is 120 and the range in velocity is between -150 km and
250 knt!. The FWHM map, after the correction for instrumental widthé Figure 4.20), shows higher
values in the inner part and in the central regions the FWHadhes very high values, up to 1000 km.s

A comparison between thedHvelocity field and the g-band contours shows that the kingenmainor
axis of the low ionization gas is aligned with the photormetme (see Figure 4.22), so we can assume
that the low ionization gas and the stars have the same kirebe&haviour. Instead the centeraffset
[O 111] velocity field has a peculiar non-axis symmetric att, which does not match the contours of the
galaxy (see Figure 4.22). This is because the high ionizagas is elongated in North-South direction.
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FiGure 4.20— The flux, velocity and FWHM maps of [O 1] and ddemission lines obtained from low resolution data.

FiGure 4.21— Flux, observed velocity and model of [O 1lI] (top) andrHbottom), with the ellipse showing the inclination
of the velocity field, overlaid.
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FiGure 4.22— Ha velocity field with theg-band contour overlaid, and [O Il1] centered ani-get velocity field with the
g-band contour overlaid.

The already published [O 1lI] emission (Kukula et al. 199@&)fpctly matches our integral field maps
(see Figure 4.23). Moreover, the velocity values in tffedt field are all negative: red colors correspon
to velocity of 80 km s?, yellow colors to velocity of-100 km s, green colours to velocity 6170 km
s~ and blue-purple colors t6300 ——400 km s®. The velocity field could be the combination of two
kinematics. One component is rotating with a kinematic maas tilted with respect to the photometric
minor axis of the galaxy (see Figure 4.20). The other seenfmve a kinematic axis orthogonal to
the previous one. We suggested two possible explanatibesgas is orbiting according to the galaxy
potential and also spiralling; or the [O Ill] emission istived by two parts on élierent planes, one is the
galaxy plane and the other is outside the galaxy plane. We additional information and models to
confirm this hypothesis.

To the low resolution [O 1ll] and kKt velocity maps and to the centered high resolution [O 1ll] map
we applied ROTCUR (Begeman et al. 1989). For tksai [O IlI] map we tried to fit the 2D velocity
map with ROTCUR, but according to our hypothesis that the I[DvElocity field is a combination
of two velocity fields, we could not determine the correct RAl anclination, so we decided to only
analyze the 2D maps but to use the AFOSC longslit spectréhéamotation curve. ROTCUR is a task of
GIPSY (Groningen Image Processing System) that modelddmedb allowing to obtain the deprojected
rotation curve. This task uses tilted-ring model to fit theated velocity field. It models the velocity
map using concentric rings and taking into account thenadibon on the line of sight. The observed
velocity v (x, y) is reproduced by this formula:

vV (X,¥) = Vo + V¢ (R) sinicos (4.15)

where )

—(X = Xo) sing + (y — yo) COS¢
R

Xo and y are the sky coordinates of the rotation center of the galaxys the systemic velocity; ¥R)

is the circular velocity at distance R from the centgiis the position angle of the major axis; i is the

inclination of the galactic plane artlis the azimuthal angle in the galactic plane. Before stgytine

cosf = (4.16)
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Figure 4.23— The centeredoffset [O 111] velocity field with the [O I11] contours overlaid.
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needed to calculate the inclination (i), that is arccos(g), where a and b are the semi-major and semi-
minor axis of the gas or stellar emission. We obtained i, bgutating b and a values from an ellipse
that matched the distribution of the emission. From thipsl we also got the PA of the emission. We
corrected the velocity maps for the systemic velocity, gigire values obtained in the nuclear spectrum.
Once we determined PA and i from the maps of the emission lixe\fle could run ROTCUR. We fixed
the following input parameters: inclination;33.5 for [O 1ll] and i=29° for Ha, the systemic velocity
(0.0 km s1), the expansion velocity (0.0 knT§ and the coordinates (x, y) of the center of the galaxy.
The other input parameters were radii of the concentricsringarcsec, the first guess for the rotational
velocity of each ring and the position angle, and we let thiera.fFirst we applied this task to the whole
2D velocity map, fitting both the approaching and recedinlg sit the same time, this output was then
used as input for the task VELFI that reconstructs the madabie. This image is useful to be compared
with the original one in order to check if the model can repicalthe velocity map (see Figure 4.21). On
the other hand, in order to build the velocity curves, moueate values of the deprojected velocity can
be obtanied by fitting the velocity maps in two steps, firstrfeeding and then the approaching side.
We analyzed also two AFOSC longslit spectra, the first takigmthve slit along the PAO° according
to the [O Ill] image from Schmitt et al. (2003). By comparirfietSchmitt et al. image, with our 2D
maps, we see that the [O Ill] emission is elongated also adodifferent PA~ -30°. So we took another
spectrum deeper (exptime 3 hours) and with PA= -3(°, following the [O Ill] image from Kukula et
al. (1996), (see Figure 4.24). The velocity curve obtainéth WFOSC data were deprojected. To be
consistent with the MPFS analysis, we considered as seloirag@s and inclination the ones obtained
from MPFS [O lll] emission map, PAL6C° and =33°.5. The deprojected velocityjt is:

VosqI)

Veire(R) = —
cire(R) COS X Sini

(4.17)

in which R and are the radius and the PA on the galactic plane, that can b&éeldtfrom the following
equations:

tan
tand = —¢ (4.18)
Cos|
COS
R = 0% (4.19)
cost

where r andp are the radius and the PA on the sky plane. The deprojectatiamicurves are shown in
Figure 4.25. From the ROTCUR output, we could build the fotaturves for low and high resolution
data (see Figure 4.25) to be compared with the longsliticotaturves. We found a more regular be-
haviour in the MPFS rotation curves. This can be due bothéddht that ROTCUR in order to model
the observed velocity field makes an average which produsgsoathing of peculiar properties, and
that here we analyzed the central emission showing a mougareginematics. Anyway, the curves are
asymmetric as we found in AFOSC data and the [O IlI] kinensaiscsimilar in both high and low res-
olution data, with values between -500 kmt sind 150 km s*, while the Hr velocity curve is more
symmetric and its values range from -200 khto ~ 350 km s. In principal, a rotation due to gravita-
tional potential should be symmetric. The AFOSC curves arg asymmetric and irregular, being more
extended northward, where the [O 11I] emission is more edéeh) it ranges from -900 knT$to 100 km
s (PA=0°) and from -800 km st to 200 km s (PA= -30°), and it shows fluctuations, which suggest
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FiGure 4.24—[O 1lI] emission from Kukula et al. (1996) with the PA of AFOSKIt overlaid.

a peculiar kinematics. These fluctuations are due to thetlfi@attthe slit covers regions with various
velocity with very negative values (up to -900 km's

We calculated the errors in velocity, by measuring the oleskposition of the only nightsky emission
line detectable (at = 5577 A). This assumes that the main contribution to the siicdue to calibration
errors (see Figure 4.26). We should taking into account tNe&io of the emission lines (Corsini et al.
1999), in fact if the errors are due only to wavelength calilon, the error value should be the same in
the whole f.0.v., instead we can see from the histogramsthiea¢ is a distribution. In particular where
the SN is high, the error is due only to errors in calibration, @&l where the /8l is low, the error is
larger, because it is fiiicult to understand the peak position and the estimate ofe¢h&al 1 is difficult.
In our case, the /Bl of these emission lines is high in the whole field and thesean@ mainly due to
the errors in calibration. The errors may be larger in presesf asymmetries. For the high resolution
data we have also the error due to the fit of the two componemdsa all the rotational curves we
have errors due to ROTCUR fit. By considering the work of Wi{e.985) about the emission line
profiles and the asymmetry, we tried to calculate the asymynusing the [O 1ll] emission line of the
higher resolution spectra in théfoenter f.o.v. Our script calculates the area of the emisianen the
wavelength corresponding to the 10%d), 50% (150) and 90% fgo) Of the emission line area and then
it estimates the asymmetry (asym):

a= Aso— 410 (4.20)
asym= £ - (4.22)

a+b
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FiGure 4.26— Histogram of the errors in the velocity determination, foPFS data, in particular for (a) [O 1] low resolution
data, median value 52 km s? (b) Ha low resolution data, median value22 km s?* and (c) [O 1II] high resolution data,
median value= 12 km s?.
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Ficure 4.27— Histograms of the errors in the velocity determination f&f@SC data, in particular for [O 111] obtained with
old (a) and new dataset (c). The median values are 50 kgl 17 km st, respectively.

asym = 0.09 asym=0.22

Fiure 4.28— The asymmetry map for the extended [O 1lI] emission, witleethexamples of spectra infidirent regions of
asymmetry.

If there is a blue wing in the line profile, then>ab and asym> 0, instead if there is a red wing, then

a < b and asym< 0 (red colours in Figure 4.28). We applied the asymmetry owtuggesting by
Whittle (1985) and reconstructed the asymmetry map for #teneled [O Ill] emission (Figure 4.28).
We found symmetric profile in the nuclear region (asy®.09) and positive values of asymmetry (green
to red colors) in the extended emission (asyi®.22 — 0.90), therefore the extended emission gas shows
blue wings in the [O Ill] emission lines (Figure 4.28).
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4.7 Summary of the results

We studied the physical and kinematical properties of theuainuclear gas in the nearby intermediate
type Seyfert galaxy MRK 6, showing an Extended Narrow LingiBe. We analysed this object by
means of longslit and integral field spectra and broad—baraés. We mapped and studied both the
nuclear and the extended gas emission, already found inlK@twal. (1996). In particular we focused
on the peculiar kinematics of this object and on the extefi@eidl] emission.

By analysingg andr band images of MRK 6 we found a not clearly disturbed morpigldut
we pointed out the presence of dust lanes to the North andrssblells at East and West edges of the
galaxy. The analysis of the residuals reveals over-suetlaegions corresponding to dust lanes and to
the extended [O IllI] emission from Kukula et al. (1996). Alese findings are hints of a possible merger
episode. We studied the extended [O IlI] emission by meahgbfresolution IFU spectra. We estimated
a lower limit of the ionized gas mass, using the expressiomfiHo et al. (2009) and d&1luminosity not
corrected for extinction, obtaining M 3.2 x 10° M. We estimated [O IIJHg, finding higher values in
the North-West region (9—11) than in the inner part (5—-6)yesthat confirms a photoionization due to
AGN. The kinematical analysis revealed that high ionizesiftgs a disturbed kinematics. Low ionization
gas, studied by means ofaremission line, has a more regular behaviour and its kinealatinor axis
is aligned with the photometric one. Instead, [O Ill] emissline shows a more complicated velocity
field, with highly negative values and a pattern suggestiagits velocity field could be a combination of
a rotating component, according to the gravitational ptideof the galaxy, but with a kinematic minor
axis tilted with respect to the photometric one, and a dpigatomponent. Indeed the longslit velocity
curves are very asymmetric and irregular, with fluctuatiomssistent with a spiralling movement. This
interpretation must be confirmed with further analysis. Umsary, we confirmed that the extended [O
[1] emission is gas photoionized by the AGN forming an Exted Narrow Line Region with a complex
kinematics and a mass indicating that it could be the redudt minor merger between MRK 6 and a
gas-rich dwarf galaxy.






Sampling the Extended Narrow Line Region
of Seyfert 2 galaxies

Tms chapter is based on a statistical study of the Extended Wdriee Region (ENLR) properties
in a sample of 12 Seyfert galaxies. These galaxies were et 6-mt telescope with the MPFS.
We took advantage of the integral field data to study in d#taiphysical properties of the ENLR in this
sample.

Firstly we described the method to select the sample andrthlysis applied to the data, then we
showed the physical properties of gas and stars in this saamal the properties derived from the emis-
sion lines analysis.

5.1 Sample selection

We selected the objects to be studied in this part of the wiasky the Special Astrophysical Observa-
tory (SAO) archive (ASPID). The objects were observed witRRE, using the low resolution grating
which gives a spectral range aft = 3700 — 7500 A and a resolution R 850. We selected objects
whose spectra show spectral lines with highl &atio, obtaining a sample of 12 Seyfert 2 galaxies. This
sample is heterogeneous and not statistical, thereforeanmot consider our findings as globally valid.
Nevertheless, this work is a useful test for a future anglgsi a statistically selected larger sample.
We explored the possibility of studying the ENLR at larget@iee from the nucleus and to analyze its
physical properties as a function of distance from the nuscl&Ve also tested which parameters can be
studied and we tried to understand the needed size of theofieldw (f.0.v.), the best required/)S and
the optimal redshift range to be able to study the radialdreéhENLR properties. This is a filerent
approach with respect to other studies, for example withSB&ctra which are integrated over a fixed
3” aperture and give only a partial or average information ddjmg on the distance of a target.

The selected objects are listed in Table 5.1. Five galaxiessalated, five are in a pair, one is in a
triplet and one in a quintet. All the galaxies are nearby:rdrge in redshift is betweer=9.006 (MRK
620) and z0.037 (MRK 78). We reported also for each galaxy the size®fihv. in kpé. The objects

113
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were observed with the MPFS with a f.o.v. of’l& 16” or 16" x 157, the total sample consists of
about 3200 regions, with a sampling ¢fXd 1”. To carry out an homogeneous analysis, we applied the
following method: the spectra were reduced with P3d (Saatal. 2010), corrected for reddening and
atmospheric refraction, then the stellar component wasattbd with STARLIGHT (Cid Fernandes et
al. 2005; Cid Fernandes et al. 2007) and the emission lines measured with PAN (Peak ANalysis).
We decided to measure, where detectable, the followingstomidines: [O 11143727, [Ne 111] 43869,

Object name RA (J2000.0) Dec (J2000.0) z (NED) scale/(kpc  Morphological type Seyfert type Isolated f.o.v. (Bpc
MRK 348 00:48:47.1 +31:57:25 0.015034 0.2913 SA(80 Sy2 pair 4.66¢< 4.66
MRK 1157 01:33:31.2 +35:40:06 0.015167 0.2974 (R)SED Sy2 yes 4.7& 4.46
UGC 2024 02:33:01.2 +00:25:15 0.022342 0.4344 Sab Sy2 yes 69595
MRK 1066 02:59:58.6 +36:49:14 0.011946 0.2317 (R)SBO(s) Sy2 yes XAL71
MRK 1073 03:15:01.4 +42:02:09 0.023343 0.4554 (R)SB(s)b Sy2 yes B2B.29
MRK 607 03:24:48.7 -03:02:32 0.008883 0.1794 Sa Sy2 pair 72.8.87
MRK 3 06:15:36.3 +71:02:15 0.013509 0.2607 S0 Sy2 pair 4:13.65
MRK 620 06:50:08.6 +60:50:45 0.006138 0.1190 SB(ra Sy2 pair 1:90.90
MRK 78 07:42:41.7 +65:10:37 0.037150 0.7156 SB Sy2 yes 11451.45
MCG+03-45-003 17:35:32.7 +20:47:48 0.024323 0.4728 S Sy2 pair 7:68.56
NGC 7212 22:07:01.3 +10:13:52 0.026632 0.5165 Sab Sy2 triplet 8:28.26
NGC 7319 22:36:03.5 +33:58:33 0.022507 0.4346 SB(s)bc pec Sy2 quintet 6.852

TaBLE 5.1— The sample of galaxies.

[Ne 1] 23968, [S 1] 14070, H5 14102, Hy 14340, [O IlI] 14363, He 1114686, [Ar IV] 14711, [Ar

IV] 14740, KB 14861, [O I11] 214959, [O 111] 45007, [N I] 2 5198, [Fe VII] 15721, [N I1] 45755, He |
15876, [Fe VII] 16086, [O 1116300, [N 1] 16548, Hr 16563, [N 11] 16584, [S 11]16717, [S 11116731,

[Ar lll] A7136. For each of the 12 galaxies, we have information froB @5240 spaxels, finally we
constructed a table in which we listed for each object tHevohg information: the measured fluxes, the
central wavelength and the FWHM for each measured emisgien, Ithe distance from the nucleus in
arcsec and in kpc, the redshift, the distance of the objeldipo, the spatial scale in kg€, the 9N ratio

of the continuum afi=5500 A, the parameters from the starlight fit, such as/thehe adev parameter,
indicating the mean percentage of the deviation betweewolikerved spectrum and the synthetic one,
the estimated value of the total stellar mass, the veloégyeatsion, the absorption M band estimated
from the stars, the percentage of the light emitted by thH&stgopulations, divided into the 15ftrent
classes of age. By calculating th&\Sf the continuum (see Figure 5.1), we verified the reliabiif our
measurements. The median value of tji¥ &f the continuum, measured at rest-frame 5500 A is 19 and
most of the spectra (77%) havg\sbetween 10 and 50. We believe that these data dfieisatly good

for our analysis. Thg? evaluates the quality of the fit of STARLIGHT: it should be ked around 1. In
our case it is peaked around 1.4 (see Figure 5.1).

All the measured fluxes were corrected for the internal reohde This can be estimated using the
Balmer decrement: assuming the theoretical value of tlengitly ratio between Balmer emission lines,
and comparing the measured values with the theoretical areesan estimate the absorptiorMaband,
A(V), applying the Cardelli Clayton and Mathis (1989, CCM) egtion law:

R
A(V) = 7.2146x log Rj’bs (5.1)
th

where Rpsis the observed ratio betweervtdnd H3 fluxes, and R is the theoretical one equal to 2.86.
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Ficure 5.1— Histograms of the 8l of the continuum which gives an indication of the reliayilbf the measurements (left)
and of they? evaluating the quality of the fit with STARLIGHT (right). Thmedian values are 19 and 1.4, respectively.
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Once we obtained A(), we can correct all the observed fluxes with the followingression:
Feorr = Fops x 1QP#AM)xcl) (5.2)
where cf) is calculated for each wavelength using the CCM extinclion and corresponds to

b(1)

c(d) =a@) + 31 (5.3)
Clearly, the correction can be applied only where tigedrhission line can be measured. We calculated
the flux errors, assuming that the determination of the jpositf the continuum level gives the main
contribution to the errors when measuring the emissionflines. The errorsAF) are obtained dividing
the reddening corrected flux ) by the SN of each emission line (8l(1)), calculated as the ratio
of the intensity of the peak of the line over the continuum gét)) divided by the standard deviation
(rms(Q)) of the continuum in a spectral region near the emissiagt lin

_ R

~ S/IN(QQ) -4
S . amp@)
N = rms(l) (5.5)

In order to select the regions of the ENLR, we considered tNeoBHpB and obtained a sub-sample
with only those regions (1393 out of 3008) in whiciNEHB)>3. Then using this sub-sample, we built the
VO diagnostic diagram (Veilleux & Osterbrock, 1987) [N/Hf vs [O IlI]/HB, to separate the filerent
regions: the Seyfert regions (848, 61%), the Hll region2(2%5%) and the LINERSs regions (316, 23%).
We divided these sub-samples using the relation (Kewlel 2086):

g [ong 0.61

= +119 5.6
HB  (log ML — 0.47) (5.6)

to separate the Seyfert-LINER regions from the HIl regighen we used this condition:

[Ol]

log H—ﬁ > 0.5 (5.7)
in order to distinguish between Seyfert and LINER. Finalyuged the Seyfert-subsample of 848 regions
to study the properties of the ENLR. We need to point out tbaemery object has the same importance
in the sample, indeed we have three objects (MRK 1066, MRKa82DUGC 2024) that contribute to the
whole sample of 848 regions for less than 2% each, and otleexige. (MRK 78, NGC 7212 and MRK
3) which are predominant in the sample contributing~4@6% each, the other galaxies contributing for
~6% to~10%. The three predominant objects added together coterfbu44% of the whole sample.
If the regions were uniformly distributed among the 12 geaxthe mean percentage per object would
be 8.2%. The percentage of the f.0.v occupied by the emigsiogach galaxy varies from about 3—6%
(MRK 1066, MRK 620 and UGC 2024) and about 18—-30% (MRK 348, MBK and MCG-03-45-003)
to about 35-54% in the remaining six galaxies.
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To check the consistency of the sample selected by means i ] /Ha diagram, we built the other
VO diagrams (see Figure 5.2) in which we plotted two sub-dasyphe AGN-like regions (blue triangles)
and the HIl plus LINERSs regions (red squares). The curveglidiy the regions are from Kewley et
al. (2006) and the straight line indicates the AGN-LINERgagation at log([Olll]Y(HB) > 0.5. The
relations for the [S 1l] and [O 1] diagnostic diagrams are:

[oll] ) 0.72
| = : :
Og( HE ) log(BBl)-0.32 s 58
[0l ) 0.73
| = 1.33 5.9
og( HB log (f51) + 059 " (-9)

The errors to be associated to the diagnostic ratios wer@atat with these formulas:

err|log ﬂ—l = 0.4343x err(fl) + err(flo) (5.10)
flo fl1 fl,
err(log fly +flo _ 0.4343x err(fly) + err(fly) . err(flz) (5.11)
f|3 f|1 + f|2 f|3

where f| and ery are flux and relative error, calculated according to the E4. 5The histograms of
the errors associated to diagnostic diagrams are showrgimd=b.3, the errors are small, the median
values for log([O IlIJHR), log([N 1] /Ha), log([O 1]/Ha), log([S 1l]/Ha) are 0.03, 0.01, 0.06 and 0.03,
respectively.

5.2 Physical properties of gas and stars

Gas density and temperature were calculated by means oftla @mission line ratios, while by com-
paring our measurements with photoionization models bynga@hD thesis, 2010), we inferred an
estimate of gas metallicity. We calculated the density withIRAF task TEMDEN, by using the [S 1]
A671716731. Unfortunately the [Ar IVR4711 and14740 could be detected only in 176 (21%) and 79
(~9%) out of 848 spectra, respectively, and their ratio cogldneasured only in 32 cases, so we did not
use this ratio to calculate the density, because the olotai@lee is not characteristic of the whole sam-
ple. On the contrary, the [S Il] ratio could be measured f& @B%) out of 848 spectra. The [S Il] and
[Ar IV] lines have diferent values of critical density, indeed these lines ardtechby gas in dferent
physical conditions. The [Ar IV] ratio gives information @it higher density and higher ionization gas,
while lower density gas can be studied by means of the [Sti}.r&dnfortunately we could not calculate
the values for the high density gas and we determined thatderssng an input value of temperature
T=10* K and the ratio of the [S II] doublet. The density ranges betwd0 and 4000 ecm 3 with a
median value 0£360 e cm 2 (Figure 5.4). The gas temperature can be obtained usifeyefit emis-
sion line ratios: we used the [O IlIl] lines a#959,15007 and14363, by calculating the ratio between
the flux of the [O IlI] (14959+15007) and the flux of the [O 111R4363, and the [S I1] lines at6717,
16731,24068 and14076, by calculating the ratio between the flux of [S B717+16731) and the flux

of [S Il] (214068+14076). We determined the temperature with these two ratiben both the14363
and the14068+14076 could be measured, that is respectively in 574 (68%Y&2d54%) out of 848
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Ficure 5.2— VO diagnostic diagrams with the regions divided in two saapthe AGN-like regions (blue triangles) and the
HIl regions+LINERS (red squares). The curves are from Kewley et al. (2806 the straight line indicates the AGN-LINERs
separation.
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Ficure 5.3— Histograms of the errors for the VO diagnostic diagrams.



5.2. Physical properties of gas and stars 119

150 — M —
100 - T

_ I _ , ,

80 - T

I A 100 J .

Counts
Counts

3.5 4 4.5 5
Log(T.) Log(N,)

Ficure 5.4— Histograms of temperature (left) and density (right). Téxe dashed line indicates [S 1] distribution of temper-
ature and the blue solid line identify the [O III] distribati.

spectra. We used TEMDEN, and the values of density calaulatth the [S I1] ratio, and we found for
[S ] and [O Ill] median values 011500 K and~16500 K, respectively. Their distributions are shown
in Figure 5.4, where the red dashed line indicates [S Il]rifistion and the blue solid line indicates
the [O 1] distribution. The [S II] temperature varies betan 5000 K and 40000 K, while the [O 1l1]
determination ranges between 8000 K and 60000 K. As expettedemperature values obtained from
[O I1lI] are higher than the [S II] determinations. In Figuré&cSve plotted the density and temperature
as a function of the distance of each emission line regiom fite active nucleus. This graph shows that
the temperature does not depend on the distance, while wsucgyest a rather weak correlation with
density: it seems that the density decreases with incrgaadius, but the scatter is very large.

By comparing the extinction obtained from STARLIGHT witretA(V) derived by means of &/HgB
we studied the dust distribution in the interstellar regi@md in the ENLR. We did not find any cor-
relation with radius. Moreover, the extinction in ENLR iggher than in the interstellar medium, as
expected. In fact, we can see that the distributions aregoeakdiferent values, larger for the gas: the
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Ficure 5.5— Radial trend of temperature (top panel) and density (bogtanel). Blue squares are [O IlI] temperatures, red
triangles are [S Il] temperatures.
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Ficure 5.6— Histograms of the distribution of the extinction measunexif the interstellar dust (blue dashed line) and from
the ENLR dust (red solid line).

median value for gas is 1.2 mag and for stars is 0.6 mag (seeeFig6). The extinction obtained from
the gas is expected to be higher because the observed amlissiGpectrum is the sum of the stellar
component plus the ENLR gas component. There is dust agstdia stars, measured by means of
STARLIGHT and dust associated to gas. The template-c@degpectrum has not stellar absorptions,
but it is still afected by extinction. Therefore the extinction derived fritva gas should be higher, as
observed. If the ENLR gas was dust-free, than th€)Afieasured by stars and gas should be the same.

In case of ionization by a power-law spectrum, as in AGN, ta&nination of the metallicity is
very complicated also because the ionization structurelig gomplex. There are not direct methods
and to determine the metallicity photoionization modelsstrhe used. To estimate the gas metallicity,
we compared the measured fluxes with values predicted bylsfsden Vaona (PhD thesis 2010), using
the emission lines ratios [N 1I36584[O 11] 23727 vs [N 1] 16584[S 1l] 16724, being this the best
diagram sensitive to the metallicity. The models have a lesolution in metallicity because Vaona used
few Z/Z® values, nevertheless in Figure 5.7 the trend between sgtervalues (red circles) and solar
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Ficure 5.7— The graph of the log([N /IS I1]) versus log([N II}[O 1I]) compared with theoretical models by Vaona (2010)
with D/G=1. From magenta (Z®=3.5) to blue (ZZo=1) colors, the metallicity decreases. The observed valteblack
triangles. The arrow indicates the direction and magnitfdbe shift due to the extinction correction for\)(= 1 mag.

values (blue cirlces) is clear. We used models with dugfa®+atio ([)G) equal to 1. About 33% of the
sample matches the models, with metallicity between 1 andh&stthe solar value, while most of the
regions do not fit the models. A possible reason of this demmgent between observed data and models
is the dfect of the decreasing of thgMbratio as increasing distance from AGN together with thersrr
due to our determination of the extinction, th&eat the [O 11123727 more than the other emission lines
involved in this diagram. Indeed, we verified that the datdnwarger scatter have also lowefN\Sratio

and are more distant from the nucleus. However, we shoutlalgd new photoionization models in
order to better understand the distribution of the obsedagd.

STARLIGHT gives as output the percentage of light emittedelhgh of the 15 stellar populations
3 different metallicities. For each population we summed theegadbtained for the three metallicities
and then we divided in three bins: young population, fert0® — 4 x 10’ yr; medium population, for
t =108 — 1.3 x 10° yr; old population, for t= 2.5 x 10° — 1.3 x 10'°. We calculated the cumulative
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Ficure 5.8— The cumulative distribution of the percentage of light faupg (red), medium (blue) and old (green) stellar
populations. See text.

distribution for these three bins and we found the resultvshim Figure 5.8. In x-axis we plotted the

light percentage emitted by old (green), medium (blue) amehg (red) population, while in y-axis the

fraction of the sample with a certain contribute from youmgdium and old populations. For example,
about 70% of the regions are characterized by a young paulebntributing to less than 10% of the

total light, a medium population contributing to less th@¥®and an old population contributing to less
than 90%. As these are cumulative distributions, we do npeeixthat the sum of the light percentages
corresponding to a certain fraction of the sample is 100% Siimilar trends of the cumulative of young

and medium populations indicates that in a small fractiothefsample we found a large contribution
from young and medium populations. The flatter trend of thewdative of old populations means that

most of the regions show old stellar population.

For each region we calculated its distance in kpc from theeaoucleus and we found a distribution
peaked at small values (see Figure 5.9). The median is 1.2kg®4% of the regions is at a distance
r< 4kpc. This distribution seems to indicate that very extenemission line regions are rare and are
present in few objects. Nevertheless we have to take intoumtchat this result could be due to a
relatively low SN of our data that prevents us to detect and study more extiinéer regions. In
addition, these galaxies are very nearby and this can cadséeation of an ENLR with a small size
because even if the emission was be more extended the somalldould not allow us to detect a large
emission. In order to better check if this distribution ialrét is necessary to study Seyfert galaxies with
IFU having larger f.0.v. and mounted on large diameter telpss.
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Ficure 5.9— Histograms of the distance of each regions from its activdeus.
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Ficure 5.10— Left: Koski diagrams for low-ionization lines. [S JHB vs [O I[/HB (top) and [S IIJHB vs [N 11]/HB (bottom).
Right: Correlations between the luminosity of high ioniaatemission lines.

5.3 Emission line properties

We plotted the Koski diagrams (Koski 1978) finding a good elation for the low ionization emission
lines, [S IJHB vs [O I]/HB and [S IIJHB vs [N I1]/HB, with a correlation co@cient of 0.7. We found
also a trend with the distance: the intensity decreasesingtieasing radius (Figure 5.10). Being the
ionization parameter U depending both on distance and tyemg checked if there is a trend with the
density but we did not find any correlation. Therefore we cay that the trend with the distance is
caused by a decreasing of the ionization degree with incrgaadius. We tried to plot also the Koski
diagrams for the high ionization lines, [O IHB vs He IVHB, [O 111 /HB vs [Ar Il /HB, [O 1] /HB vs
[Ne 1l1] /HB, but we did not find a good correlation, maybe because He IJankl] are faint lines, much
fainter than [O Ill] and are in the blue spectral range whae$N is lower. However, we found good
correlations, plotting the log of the luminosity of high iration lines, [O 1111215007 and14363, and [Fe
VII] 16087 (see Figure 5.10). The correlation fméents are equal to 0.83, 0.77 and 0.68, respectively
for the log(Lsoo7) Vs 109 (Lased), for log(Lsoo7) Vs l0g(Leos7) and for log(Luzes) Vs l0g(Leos?)-

We studied also the distribution of [O IJH8 and [O 11}/[O IlI] (see Figure 5.11). The former has a
median value of 7.6 and shows very high values, like thoserobd in the ionization cones (10 — 20),
in a small fraction of regions, about 19%. This ratio depemalshe ionization degree, but also on the
chemical abundances, while the [Q[O 111] depends only on the ionization parameter (U), busimore
sensitive to reddening. This ratio is peaked at 0.7, with allsstandard deviation (0.7). Withinolwe
found 610 regions (72%) and withinr2there are 694 regions (82%). While the [O ] distribution
shows a larger scatter with= 2.7 and 545 regions (64%) withirrland 808 regions (95%) withino2
The median values less than 1 indicates that the ionizatgnea is high, as expected if the ionizing
source is an AGN. The fact that this distribution is peakethwai small spread indicates that a typical
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Ficure 5.11— Histograms of the [O II)HB and [O IIJ/[O Ill] ratios.

range of ionization parameters exists and that the spesttegle of the ionizing source for all the objects
is similar.

We plotted the [O IIJ[O 1l1] ratio as a function of the distance for each galaxynsidering only
regions in which SN([O II]) was > 3 (Figure 5.12). These plots confirm the previous resultsstrofthe
regions show values of the ratio between 0 and 2, moreoven#i of the cases the ratio keeps constant
with radius, except for MRK 348, MRK 1157 and NGC 7319. It kegpnstant in galaxies with very
extended NLR. [O IIJO 1ll] is an indicator of the ionization parameter (U) thatpmbnds on, thus we
should find higher values of the ratio for larger distancet Bdepends also onN. We plotted (Figure
5.5) the density vs the distance, finding a weak trend, witlsithe decreasing as distance increases. In
this case, the constant value of [O/|@ II]] can be explained by a densityffect, while if the density
is not depending on the distance, to justify the constait ¢ need to invoke other mechanisms, for
example shocks, that can contribute to photoionizationrieioto keep high the ionization parameter
even at large distance from the nucleus.

By plotting the luminosity of high ionization emission I®é[O IlI] 15007, [O Ill] 214363 and [Fe



5.3. Emission line properties 127

8 T T T T T T T T T ‘ T T T ‘ T T T T T T T ‘ T T T ‘ T T T ‘ T
[ o MRK 348 T o UGC 2024 B
[ ~ MRK 607 T ~ NGC 7212 B
6 ; o MRK 620 ;; o MRK 3 ;
o4 T s 7
! T 1
= r o T 7
| - -
S
— 92 g _

8 | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | | ‘ | | | ‘ | | | ‘ | | | ‘ |

T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T
r o MRK 1066 | o MRK 78 ]
[ o o MRK 1073 | 2 MCG+03—45-003 |
6 | o o MRK 1157 7T o NGC 7319 B
L o 1 o |
= [ T © b
= |
= o 1
8 o o ;
DDDQD o gt B
DDDDD obf o -
DEE ED\EDD s Og 7
L 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 ]

0 < 4 6 8 0 2 4 6 8
r (kpc) r (kpe)

Ficure 5.12—O 11]/[O 1] ratio as a function of the distance from the nucleusdach object in the sample.



128 CHAPTER 5. Sampling the Extended Narrow Line Region of Sgert 2 galaxies

40

o
=]
o

P
a

39

T
o0 R0 Go
o Bdh & o
m“.%% Q@Jmﬂ”m
R
B
EP [HIEIED:I
o@m 0B o
F To =3}
g oY
oPg
oo
0o o
=)
o
o
DEI
o
o
o

o

38

Log L608'7

37

36

40

39

38

LOgL4363
‘\\\\EJ\\D\‘FEI‘@P“‘\H""‘\\\\‘\\\\‘\\\\&D

ootao

=l
o
o

37

42

T B

40

Log Lyger
T
ot

38 —

Ficure 5.13— Luminosity of high ionization emission lines as a functiohtloe distance from the nucleus. Top panel:
luminosity of [Fe VI1] 16087; middle panel: luminosity of [O [11}4363 and bottom panel: luminosity of [O IIi5007.

VII] 26087) as a function of the distance from the nucleus (Figut8)5we can see a weak trend with
a large spread: the luminosity decreases with increasidiysa The values range from®x 1037 —
6.3 x 10* erg s for [O I1l] 5007, from 50 x 10%6 — 3.2 x 10* erg s for [O Ill] 4363, and from
4.0 x 10°% — 40 x 10°° erg s for [Fe VII] 6087. The spread is due to the fact that we aretipigt
sub-regions belonging tofiiérent galaxies: each galaxy has its peculiar nuclear lusitin(for example
for [O 1] 25007 it is within 63 x 10°° — 6.3 x 10* erg s1) and a diferent slope. This can be seen in
Figure 5.14 in which the [O [IIR5007 luminosity is plotted against the distance for eackabHere the
monotonic decreasing trend with increasing distance &lgleisible (Lsoo7 o< %), even if with diferent
slopes. In some cases, for example NGC 7212, MRK 1073, NGO &8l MRK 78 the luminosity
keeps high at large distance from the nucleus. The slopeggrdlifferent, from -2.2 (MRK 620) to -0.3
(MRK 78), with typically steeper values; —1 for objects with smaller NLR (MRK 1157, MRK 1066,
MRK 620) and flatter values —1 for objects with more extended NLR (MRK 1073, NGC 7212, MRK
3, MRK 78, MCG+03-45-003, NGC 7319).
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Figure 5.14— Luminosity of [O 11I] 45007 as a function of distance from the nucleus for each galfrur sample.
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5.4 Summary of the results

We performed a statistical study of the physical propedfésnized gas in a sample of 12 Seyfert galax-
ies by analysing their ENLR taking advantage of integratifédta. Being the sample heterogeneous and
not statistical, we cannot consider our findings as globadlid, nevertheless this work is a useful test to
explore the possibility of studying the ENLR propertiesaagke distance from the nucleus and to analyze
its physical properties as a function of the distance froenrticleus.

We found typical values for temperature and density of tlggores of ionized gas. The latter, mea-
sured with [S I1] emission lines ranges between 40 and 400@ve?, with a median value of 360 €
cm~3; the former was measured both with [S 1I] and [O 11I] emissimes, obtaining values ranging be-
tween 5000 and 40000 K and 8000 and 60000 K, respectivelyraatian values of 11500 K and 16500
K. As expected (e.g. Vaona, PhD thesis 2010), we found treadtist content in the ENLR is higher
than in the interstellar medium, with a median value of A(¥Janed for gas of 1.2 mag and for stars of
0.6 mag. By means of STARLIGHT, we studied the stellar pajmiia and we found in a small fraction
of the sample a large contribution from young=(tLe® — 4 x 10’ yr) and medium (& 10° — 1.3 x 10°
yr) populations, while most of the regions show a significammtribution due to old (& 2.5 x 10° —

1.3 x 10'° yr) populations. The distribution of the distances from tiugleus of each region is peaked
at small values: the median value is 1.5 kpc, with a range d&tvd.5 kpc and 4 kpc, and 94% of the
regions is at distance« 4 kpc. This result seems to suggest that very extended @mibse regions
are rare, nevertheless more distant and fainter regionsrisample could not be detected because of
the relatively low $N ratio of the data, and a possible bias introduced by theseteof nearby galaxy
whose extended emission could not be detectable because sinall f.0.v. In order to better estimate
this distribution, we need to use IFU with larger f.0.v., mtad on telescope with larger diameter. From
the emission lines analysis, we found good correlationrétation codficient of 0.7) between the low
ionization emission lines, with also a trend with the disedue to a decreasing of the ionization degree
with increasing radius. We found also good correlationswben the luminosity of [O [11]45007, [O

[ll] 24363 and [Fe VII]a6087. The [O IJ[O Il1] distribution confirms an AGN origin of the ionizing
radiation, even if possible additional ionization sourfoe examples shocks, cannot be excluded. The [O
[11] /HB distribution have a median value of 7.6, but only a smalltfaarcof the regions+{ 19%) shows
high values (10 — 20), typically observed in the ionizatieme. Finally the trend of [O Il1] luminosity
with the radius is decreasing, but withidirent slopes in each object.



Conclusions

urRING the last twenty years several studies with broad-band UBK@Rrerrow-band interference

filters at [O 111] 45007 and Kk have disclosed blue elongated structures with a conicalootical
shape in some Seyfert 2 galaxies. These structures, caltéghtion cones, are a proof of the validity
of the Unified Model, which predicts an anisotropic escamfghotons from the AGN confined in a
conical flow by the torus. Up to now, 25 galaxies have beenddonshow a bright Extended Narrow
Line Region (ENLR). There are a a lot of problems concernimgtopic that are still open, for example,
the small number of ionization cones comparing to the ptexdis of the Unified Model. It is also
important to verify if the ENLR emission is present in all $ay galaxies or only in particular galaxy
types. Furthermore it is still not clear which is the origitlee ionized gas.

In this work we focused on this last open question. The ENLRamaild be part of the interstellar
medium (ISM) of the host galaxy, photoionized by the activelaus or material ejected by the nucleus
in strong interaction with radio-jet, or acquired from irgalactic medium (IGM), or by means of grav-
itational interactions. This question is strongly relatedhe mechanisms of AGN feeding. There are
not specific researches about this complex topic, but sonmkswam single objects show a connection
between extended ionized emissions and merger events (IR6XNJorse et al. 1998; MRK 3 Di Mille,
PhD Thesis 2007; NGC 4388 Yoshida et al. 2002 and Ciroi ettl32MRK 315 Ciroi et al. 2005). We
proposed a possible approach to tackle the complicated @&fghe gas origin in the ENLR, by means of
a complete and deep analysis of ionized gas spectral pregpdinematics and metallicity. We stress that
the most useful method for this science case is the 3D specipy, that allows us to map the elongated
emission visible in ionization cones, giving spectrophmttric and kinematical information of extended
sources. Longslit spectra and broad band images are usefairtplete the analysis and to interpret the
results.

We applied this method to two Seyfert galaxies showing edtedy[O 111] emissions in longslit and
narrow band [O Il1] filters, NGC 7212 a Seyfert 2 galaxy and MBHK Seyfert 1.5 galaxy and we studied
the physical and kinematical properties of the circumrarctgas. We selected the Seyfert 2 NGC 7212
by looking at the HST narrow band [O Ill] image by Schmitt et@003) and the NTT longslit spectrum
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by Bennert et al. (2006). The latter found a more extendedsan (20 = 10 kpc, H) = 75 km st
Mpc1) with respect to the narrow band imagée (5 2.5 kpc). We observed this galaxy, which is in an
interacting triplet showing an on-going merger in the N-gioa, with MPFS mounted at the SAO 6-mt
telescope. By means of the excitation map [O/HB we pointed out for the first time the presence of
an ionization cone in this object with high values of [O HB (~12), oriented NW-SE direction with
PA = 150 and an opening angle 6f70°. The cone is extended’# 3.6 kpc in the North direction
and 5.%'= 2.8 kpc in the South direction. The ionized gas mass is betee 10° and 3x 10° M,
and the metallicity is sub-solar. The kinematics of gas datssare decoupled. With high resolution
IFU and echelle spectra we found asymmetrical [O Ill] enoisdine profiles and gas characterized by
multiple kinematical components affi@irent velocities, suggesting the presence of gas in radiabns.
The large amount of low metallicity ENLR gas, with a distutbdénematics, showing radial motions
at different velocities has probably an external origin, likele do gravitational interactionfiects. We
selected the Seyfert 1.5 MRK 6 by looking at the HST narrowdbgd 111] image by Schmitt et al.
(2003) and the [O Ill] image by Kukula et al. (1996), then wesetlved MRK 6 with AFOSC at the 1.8-
mt telescope of the Asiago Astrophysical Observatory . Thél]] image by Kukula and our longslit
spectra show a very extended emission (up t6=322 kpc) elongated in the N-S direction. We focused
on the properties of this extended emission which was obdenith MPFS in two dferent f.0.v., one
centred on the nucleus and the oth&raentred by 8 towards North with respect to the nucleus. MRK
6 has a not clearly disturbed morphology, but we pointed leeipresence of dust lanes to the North and
stellar shells at East and West edges of the galaxy. We nesh§0r I1]/HB, finding higher values in
the North-West regions (9-11) than in the inner part (5-&)Jes that confirms a photoionization due
to AGN. We obtained a lower limit of the ionized gas mass=M3.2 x 10° M. The kinematics of
the highly ionized gas is clearly disturbed, showing a caecaped velocity field, with highly negative
values and a pattern suggesting a combination of rotatiertalthe gravitational potential of the galaxy
plus a possible spiralling movement. On the contrary theilmvization gas has a kinematics with a
more regular behaviour. All the spectrophotometric aneikiatical information strongly suggest that
the ENLR of MRK 6 could be the result of a minor merger with a-gak dwarf galaxy. Additional
details can be found in Section 3.7 and Section 4.7. On the bathese results we propose to carry out
a systematic analysis on a larger sample of ENLRSs, obtaipéablting for extended [O IlI] emission in
Seyfert 2 galaxies at<l. We plan to observe these galaxies with narrow band imrée filters. We
will select the sample from the work of Vaona (PhD Thesis,(J0Assuming that the ) is an index

of the power of AGN, we will choose only the objects witk 10*? erg's from the 2153 Vaona’s Seyfert
2 galaxies, obtaining a sample of 84 targets, 11 with©2820.055 and 73 with @6 <z< 0.1. Not many
instruments equipped with [O 111] narrow band filters areiklde. A possibility is to use the Wide Field
Imager mounted at the 2.2 mt telescope, ESO-La Silla, wittll[Gnedium band interferential filters
#871(51616),#875 (53117), 54916. These filters cover the following spectral ranges: 50505800

A, 5200 A —5450 A and 5380 A — 5550 A and allow to observe the [DA5007 for objects at a redshift
between z0.0085 and z0.0585 for the first filter, betweer=0.0385 and 0.0885 for the second filter
and between=0.0745 and 20.1085 for the last one. The spatial scale for this instrursed.238’/px.

At z=0.05 the scale is- 1 kpg”” and for z0.1 the scale is- 2 kpg”’. Assuming a seeing equal t¢,1
an ionization cone extended up to 5 kpc is still detectable Seyfert at z0.05, while for more distant
galaxies only very extended ionization coneslQ kpc) will be visible. Therefore we stress that good
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seeing conditions are extremly important in order to ahigwod results. Once the [O llI] survey is
concluded, the most promising targets will be observed ini#gral field spectrographs.

In the third part of this work we performed a statistical stwd the physical properties of ionized
gas in a sample of 12 Seyfert galaxies by analysing their Eilikdig advantage of integral field data.
Being the sample heterogeneous and not statistical, wddshonsider our findings as a useful test to
explore the possibility of studying the ENLR propertiesaage distance from the nucleus and to analyze
its physical properties as a function of the distance froemilicleus. We analyzed the spectral properties
of 848 1’x 1” regions. These regions show the typical properties of th& ldhd are dominated by
the AGN photoionization. The median density is of the ordet@ cm3 and the median temperature
is about 1.0 — 1.5 10* K. The density seems weakly depending on the distance fremubleus, but
this relation must be confirmed. On the contrary, no coliatais found between temperature and the
distance from the nucleus. The regions showing high valtidgedonization degree, like those observed
in the ionization cones, are rare, about one fifth of the samphe stellar populations of the ENLR
subregions are dominated by stars older than1®° yr, while the contribution of young and medium
age populations is in general small. The size of the ENLR seerbe typically smaller than 4 kpc (in
radius), but this result could be a combindtket of nearby targets, a limited f.0.v of the spectrographs
and a low brightness of the emission lines far from the nigl@inerefore we propose to select a larger
sample of Seyfert 2 galaxies up to redshift 0.05 to be obsgenith integral field spectrographs having
larger f.0.v., like VIMOS at ESO-VLT or WiFes at ANU 2.3-mtiéscope. VIMOS allows to sample a
f.o.v. of 27’x 27" with 0.67’/spaxel, producing 1600 spectra in a wavelength range bat4@@0 and
11500 A. Unfortunately, in this case the [O #3727 cannot be observed which prevents the metallicity
determination. On the contrary, the image slicer specaigViFes is sensitive also in the binear
UV range with a f.0.v. 25x 38" and spatial sampling of 075

In conclusion the results obtained in this work stronglygasi that the small number of Seyfert
galaxies with kpc-scale ENLR could be due to the lack of paldir conditions, like gravitational inter-
actions between the active galaxy and possible satellitgpanions. This mechanism is able not only to
trigger the activity in the nucleus but also to provide thffisient amount of material mandatory to form
a such extended region of ionized gas.
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Astronomical Observatory of Padova and Asiago

Vicolo dell’Osservatorio 5, I-35122 Padova, Italy — Phone: +39-049-8293411; Fax: +39-049-8759840
Application for Oberving Time with the 182cm Telescope of Cima Ekar

Publications based on Asiago propietary or archive observations have to give in a footnote on the first page of the article
Based on observations collected at Asiago observatory.

Send proposals to: proposal@oapd.inaf.it PERIOD: May 2007 — Oct 2007

1. Title (10 words maximum) 2. Observing Mode
SEARCHING FOR IONIZATION CONES IN NEARBY SEYFERT 2 GALAXIES
Visitor

I:] Service

3. Name and address of the Investigators
PI: V. Cracco, Dipartimento di Astronomia, vicolo dell’Osservatorio, 2, Padova, Italia

valentina.cracco@studenti.unipd.it

Co-investigators:
S. Ciroi — Dip. Astronomia, Univ. Padova; F. Di Mille — Dip. Astronomia, Univ. Padova

Observer (name, phone, email):
Observing experinece):

4. Instrument(s) and requested set-up and number of nights 5. Moon

AFOSC 3+3 ECHELLE Dark [ ]

Filters: Slits:  1.26,1.69,8.4 Grat.: Incl.: Gray

Grisms: 4 Filter: Slit: Any I:‘

6. Special Requirements

7. Observing period restrictions:

Because of the coordinates of our targets, we ask to restrict the observing time to the August-October
months, excluding the following period: August 27th - September 18th.

8. Proposal Category

[ l

Long Term Programme Short Term Programme Target of Opportunity
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9. Description of the proposed programme

Antonucci & Miller (1985, ApJ 297, 621) found for the first time an evidence of the validity of the Active
Galactic Nuclei (AGN) unified model thanks to spectropolarimetric observations of the Seyfert 2 NGC 1068.
According to this model, an AGN is formed by a central black hole which accretes matter and radiates
across much of the electromagnetic spectrum. The black hole is surrounded by the Broad Line Region
(BLR) and by the Narrow Line Region (NLR). The first one is formed by clouds of high density and
velocity photoionized gas, which emit broad permitted lines, as we can see from spectra of the Seyfert 1
galaxies. The NLR is formed by lower density gas, and it is responsible for the emission of the narrow lines.
Around the BLR a torus of gas and dust hides this region in Seyfert 2 galaxies.

Following this model, the AGN spectral classification is only due to different orientations with respect to
our line of sight (Antonucci 1993, ARA&A 31, 473; Urry & Padovani 1995, PASP 107, 803).

Tonization cones are one of the most important evidences supporting the AGN unified model. These features
are consistent with a dense nuclear gas hiding a strong central ionizing source. In fact, one of the aspects
of the unified model is the confinement of the nuclear radiation into a double cone with an opening angle
determined by the torus geometry (Pogge 1989, ApJ 345, 730). Indeed, some Seyfert 2 galaxies show their
NLRs with a conical or biconical morphology extended up to several kiloparsecs (Pogge 1989; Mulchaey,
Wilson & Tsvetanov 1996, ApJS 102, 309; Schmitt et al. 2003, ApJS 148, 327). This particular shape is
easy to identify in some cases when we can clearly see sharp-edged bi-cones with a common nuclear apex.
But other galaxies show quite compact emission line regions and in some cases the cone is visible only from
one side of the nucleus (Wilson & Tsvetanov 1994, AJ 107, 1227). That last case is easily understood
geometrically: the obscuring hidden material in the host galaxy may hide part of the emerging cones and
the only part visible could be the one that comes from the nearer side of the host galaxies (Pogge 1989).
About the physical processes involved in the ionizing cones we need to investigate more; for example, one of
the most important open question concerns the origin of the ionized gas: it can be a part of the host galaxies
ISM or material ejected by the nucleus in strong interactions with the radio-jet, or it may be acquired from
outside through gravitational interactions. The origin of the gas is also related to the mechanism of AGN
feeding.

We are going to analyze a sample of nearby (z<0.03) Seyfert 2 galaxies showing an extended emission,
visible through [O IIT]5007 emission line images. Considering that until now there are only few Seyfert
2 galaxies showing the ionizing cones predicted by the model, we want to increase their number looking
for the presence of new ionizing cones in our sample of galaxies with extended emission. To this aim,
we will try to position the slit along the direction of the extended emission, and we will map the flux
ratios ([O III}5007/HS, [N II]6583/He, [O 1]6300/He and [S II]6716+31/Ha) to identify the ionization
mechanism. Later, we are going to analyze in detail the galaxies where we will find ionizing cones, mapping
the kinematics of the NLR emission line clouds to understand the origin of the gas, since we expect that
different origins of the NLR should affect the kinematics of its ionized clouds.

10. Justification of the requested number of nights and Target informations

We request 6 nights to observe our sample of galaxies (about 10 objects), which have magnitude mp ~ 14
— 15. Considering that our objects are nearby, at z<0.03, which corresponds to a scale < 0.6 kpc/arcsec,
assuming Ho=75 km sec™! Mpc~!) and a seeing of ~ 2 arcsec, we expect to have a typical resolution < 1
kpc. Such a resolution should be sufficient to map extended ionization cones.

We plan to use the low-resolution grism n. 4, which covers the range of 3500-8500 A, and we need typical
exposure times of 1-2 hrs for each object. During the night, we also need to observe spectrophotometric
standard stars to perform flux calibration.

11. Description of the results from previous observations and list of recent publications

Asiago INTEX style file v2.5 March 2007.
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LARGE TELESCOPE TIME REQUEST

dead line

1st half year (Jan. 1 =Juny 30) Ild half year (July 1 — Dec.31)
September 10 March 1

Request ...... 2009 1st halfyear 6m telescope
Received.......

1. Program title:

Exploring the physical properties of ionization cones in nearby Seyfert 2
galaxies

2. Brief statement of the program:

Several emission line imaging surveys of Seyfert galaxies, which are the

nearest and hence the most thoroughly studied AGNs, have shown some cases of
Seyfert 2 whose Narrow-Line Regions (NLRs) have just a conical and/or biconical
morphology. One of the open questions is the origin of the ionized gas of the

NLR. It is not yet clear whether this gas is simply part of the host galaxy

ISM photoionized by the active nucleus, or it is material ejected by the

nucleus itself in strong interaction with the radio—jet, or it is material

acquired from outside through gravitational interactions with companion

galaxies. These questions are strongly related to the mechanisms of AGN feeding.
We propose to take advantage of the integral-field spectroscopy to perform
two—dimensional observations of some nearby Seyfert 2 galaxies with known
ionization cones or at least extended highly ionized gas in order to map the
kinematics and flux ratios of the emission clouds populating the NLR of these
AGNSs. Through the analysis of these data we expect significantly contribute to

the general understanding of the ionization cone nature and in particular to

the above mentioned open questions.

3. Principal investigator:

S. Ciroi, Department of Astronomy, University of Padova, Italy

4. Co-investigators:(Dpt. Astronomy Padova, Italy)

P. Rafanelli, Department of Astronomy, University of Padova, Italy
S.N. Dodonov, Special Astrophysical Observatory, Russia

V.L. Afanasiev, Special Astrophysical Observatory, Russia

F. Di Mille, Department of Astronomy, University of Padova, Italy
G. La Mura, Department of Astronomy, University of Padova, Italy
V. Cracco, Department of Astronomy, University of Padova, Italy

5. Request status: long—term program

6. Number of nights (hours): 4 nights Lunar phases: gray

periods (months) of observations:

Program type: principal program, may be combined with other programs
Observing conditions (seeing etc.): GOOD SEEING (<2")

7. Mode of observations
focus: prime focus
optical equipment: MPFS+SCORPIO

spectral range: 3500 - 7500 A
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spectral resolution: 4 A
required S/N or exposures: exposure time 2-4 hrs per target
recording system: CCD
additional requirements:

8. Scientific justification:
A. Scientific Rationale:
During the last two decades since the seminal paper by Antonucci & Miller (1985,

ApJ 297, 621), who obtained the first evidence of the validity of the Active
Galactic Nuclei (AGN) unified model with spectropolarimetric observations of the
Seyfert 2 prototype NGC 1068, numerous authors have published relevant works on
this important topic making use of both photometric and spectroscopic data in
different wavelength bands. So at the present, the approximate structure

of an AGN is known: a central supermassive black hole accreting matter is

the ultimate source of the AGN luminosity, producing a large amount of high
energy photons, which ionize spatially extended regions of gaseous clouds,
named Broad Line Region (BLR) and Narrow Line Region (NLR). A thick dusty torus
around the BLR hides it from our view when we observe the AGN along some
line—of-sights. Therefore, the AGN type spectral classification is

essentially depending on the orientation of the AGN (Antonucci 1993,

ARA&A 31, 473; Urry & Padovani 1995, PASP 107, 803).

In fact, the situation is more complicated and until now not completely
understood. One of the aspects of the unified model is the confinement

of the nuclear radiation into a double cone with an opening angle determined by
the torus geometry (Pogge 1989, ApJ 345, 730). Indeed, several emission line
imaging surveys of Seyfert galaxies, which are the nearest and hence the most
thoroughly studied AGN, have shown some cases of Seyfert 2 whose NLRs have just
a conical and/or biconical morphology (see e.g. Pogge 1989; Storchi-Bergmann et
al. 1992, ApJ 396, 45; Mulchaey, Wilson & Tsvetanov 1996, ApJS 102, 309;
Schmitt et al. 2003, ApJS 148, 327).

The definition of an ionization cone, although clear in principle, is difficult

to quantify. In some cases, sharp—edged bi—-cones with

a common nuclear apex are immediately obvious and striking. In other cases,
the emission line gas may be quite compact and/or the cone may be seen on
only one side of the nucleus (Wilson & Tsvetanov 1994, AJ 107, 1227).

The appearence of one-sided cones is easily

understood geometrically. Given the large amounts of obscuring material that
might be present in the host galaxy mid—planes, only the sides of the cones
emerging more or less toward us from the near side of the host galaxies should
be visible (Pogge 1989).

One of the open questions is the origin of the ionized gas. It is not yet

clear whether this gas is simply part of the host galaxy ISM photoionized by the
active nucleus, or it is material ejected by the nucleus itself in strong

interaction with the radio—jet, or it is material acquired from outside through
gravitational interactions with companion galaxies. These questions are
strongly related to the mechanisms of AGN feeding.

The different origin of the NLR should affect the kinematics of its ionized

clouds : in the first case the kinematics of the ionization cones should be
dominated by rotational velocity driven by the gravitational potential of the

host galaxy, while in the second and third cases the inflow/outflow processes
should generate one or more significant nonrotational components.

Mrk 573, for example, shows an extended NLR (larger than 4 kpc) whose
external side follows a smooth velocity field with very narrow emission lines,
while the internal side is characterized by very disturbed kinematics with much
broader emission lines especially in the areas where the radio ejecta lobes are
located (Ferruit et al. 1999, MNRAS 309,1, and references therein).

Other famous AGN with large bright ionization cones have been
spectroscopically observed. In a recent paper, Bennert et al. (2006, A&A 456,
953) carried out a deep analysis of the physical conditions within the NLR of
few nearby Seyfert 2 galaxies, finding in some cases emission lines with
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asymmetric profiles, like blue or red wings, visible for several arcsec from

the active nucleus, and believed to be originated by jet/NLR clouds

interactions. The authors stressed that they had spectra with too low

resolution (450-770 km/s) to perform a detailed study of the emission line
profiles, and indeed their kinematic analysis showed essentially large scale
velocity gradients suggestive of rotation.

A clear radio—jet/NLR association in the nucleus of Mrk 3 was shown by Capetti
et al. (1995, ApJ 448, 600) with HST data. They proposed a scenario where the
ionized gas is compressed by the shocks created by the passage of the
supersonic jet, and supported this picture showing emission lines with broad
(FWHM ~ 1200 km/s) and double—peaked profiles. Indeed, non—circular motions
are also visible in a more extended NLR up to ~ 3 kpc from the center, both

with low-resolution integral-field spectra (~ 500 km/s) and with high

resolution long-slit spectra (~ 40 km/s), by means of which at least three
independent components could be fit to the [O 111]5007 lines (Di Mille et al.

2005, Mem. SAIt Suppl. 7, 38; Di Mille et al. 2007, in preparation).

Fabry—Perot observations of NGC 4388 revealed the presence of a bipolar outflow
in the ionization cones (Veilleux et al. 1999, ApJ 520, 111). Indeed, Ciroi et

al. (2003, A&A 400, 859) showed that its South—West cone is characterized by a
mixture of low density colliding clouds and that the high ionization observed

in the outer edges can be explained by a combination of photoionization and
shock. Finally, Ciroi et al. (2005, MNRAS 360, 253)

detected in Mrk 315 an extended region (up to 7 kpc) of highly ionized and
collimated gas moving radially at high velocity (~ 500 km/s) with respect

to the rotation of the galaxy and producing clear effects of gas compression

and shock ionization.

B. Scientific aim:

On the basis of our experience, we plan to carry out an integral-field
spectroscopic study of few nearby Seyfert 2 galaxies (z < 0.03) with known
ionization cones, taking adavantage of the MultiPupil Fiber Spectrograph.

The targets have been extracted from the literature looking

at [O Ill] emission line images obtained both from the ground and from space.

In particular, we used the HST snapshot

survey by Schmitt et al. (2003, ApJS, 148, 327) selecting the objects showing
elongated [O IlI] emission. We stress that in several cases the NLR size seems
small and in principle not suitable for groundbased observations, but it must be
taken into account that this survey is very shallow, as it is easily verifiable

by comparing the [O IlI] map of the ionization cone in NGC4388, extended up to
5-6 arcsec from the nucleus, with our integral—field data where the cone appears
extended more than 10 arcsec (Ciroi et al. 2003, A&A 400, 859). We believe that
deep observations will help to investigate NLRs with a good spatial sampling,
and a relatively reduced smoothing effect caused by the atmospheric seeing.

Our aim is to carry out a detailed exploration of the physical processes at

work within the ionization cones, avoiding bias effects produced by long-slit
alignments and compensating atmospheric refraction.

The strategy of the project will be to observe the targets with the maximum
spectral resolution achievable with MPFS (~ 4 A). Two grating positions will be
necessary to cover the entire spectral range (3500-7500 A) and for each position

we will apply relatively long exposure times (1-2 hrs) in order to obtain
information with good S/N ratio both for emission lines but also for continuum.
Then, the emission line profiles will be carefully analyzed, measuring peak
positions, FWHMs and fluxes. When possible, we will try to detect and separate
different kinematic components, and to recontruct and model their velocity
fields to point out the presence and the spatial distribution of non—circular
motions. The kinematics of the gaseous component will be compared with the
stellar kinematics to try to understand the origin of the ionized gas.

A higher spectral resolution can be reached with Fabry—Perot

interferometer, but integral—field spectroscopy is more effective in our case,
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since we want to cover a large spectral range including the brightest AGN
emission lines, like H-beta, [O 111]4959,5007, H-alpha, [N 11]6548,6583 and
[S 1116716,6731. In case of targets particularly intersting or strongly

difficult to study, we will apply later for observations with FP.

We intend to calculate the H-alpha/H-beta emission line ratios to estimate
the internal reddening and the diagnostic ratios [O IllJ/H-beta, [N Il}/H-alpha,

and [S Il}/H-alpha to investigate the nature of the ionizing sources through

the comparison with models obtained through the application of photoionization
and shock codes. About this last point, the [O 11]3727/[O 11115007 will be
fundamental to constrain the shock models. These models will be produced with
SUMA code thanks to our strict collaboration with Prof. M. Contini (Tel Aviv
University, Israel).

Moreover, we intend to observe the same targets with SCORPIO in imaging mode.
The 6—m telescope has already shown us to be able to reveal very faint
structures with low surface brightness around the galaxies, like stellar shells

or filaments (see e.g. Ciroi et al. 2005, MNRAS 360, 253). Therefore, it is
mandatory not to be limited by the field—of-view of MPFS centered on the active
nucleus, but to collect deep information about the whole structure of the host
galaxy and its environment, especially in case of interactive systems.

This would help to sustain new hypotheses about the extragalactic origin

of the ionized gas within the cones.
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