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ABSTRACT

This work presents the properties of 42 objects in the group of the most luminous, highest
star formation rate (SFR) low-ionization nuclear emission-line regions (LINERs) at z = 0.04—
0.11. We obtained long-slit spectroscopy of the nuclear regions for all sources, and FIR data
(Herschel and IRAS) for 13 of them. We measured emission-line intensities, extinction, stellar
populations, stellar masses, ages, active galactic nuclei (AGN) luminosities, and SFRs. We find
considerable differences from other low-redshift LINERs, in terms of extinction, and general
similarity to star-forming galaxies. We confirm the existence of such luminous LINERs in the
local universe, after being previously detected at z ~ 0.3 by Tommasin et al. The median stellar
mass of these LINERs corresponds to 6-7 x 10'° Mg which was found in previous work
to correspond to the peak of relative growth rate of stellar populations and therefore for the
highest SFRs. Other LINERs although showing similar AGN luminosities have lower SFR.
We find that most of these sources have LAGN ~ LSF suggesting co-evolution of black hole
and stellar mass. In general, the fraction of local LINERs on the main sequence of star-forming

galaxies is related to their AGN luminosity.
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1 INTRODUCTION

Low-ionization nuclear emission-line regions (LINERs) are the
most common active galactic nuclei (AGN), with numbers that
exceed those of ‘high ionization AGN’ (type-I and type-II Seyfert
galaxies and quasars; Heckman 1980; Ho 2008; Heckman & Best
2014). At least in the local universe they make up 1/3 of all galaxies
and 2/3 of AGN population (Kauffmann et al. 2003c; Yan et al.
2006; Ho 2008). LINERs are normally classified by their narrow
emission-line ratios, e.g. [Om] A5007/HB, [Nu] A6584/Ha, and
[O1] A6300/Her (Baldwin, Phillips & Terlevich 1981; Kauffmann
et al. 2003c; Kewley et al. 2006; Stasifiska et al. 2006). In general,
they have lower luminosities than Seyfert galaxies, but there is a big
overlap between the groups in terms of properties like stellar mass,
X-ray and radio luminosity, etc. (Ho 2008; Netzer 2009; Leslie et al.
2016).

Different mechanisms were proposed to explain the nature of
LINERs. This includes shock excitation (e.g. Dopita et al. 1997;
Nagar et al. 2005), photoionization by young, hot, massive stars
(Terlevich & Melnick 1985), photoionization by evolved post-
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asymptotic giant branch (pAGB) stars (e.g. Stasinska et al. 2008;
Annibali et al. 2010; Cid-Fernandes et al. 2011; Yan & Blanton
2012; Singh et al. 2013), and photoionization by a central low-
luminosity AGN (e.g. Ferland & Netzer 1983; Gonzalez-Martin
et al. 2006; Ho 2008). The first two proposals failed to explain
the properties of large samples of LINERs. The third possibility
of pAGB stars was suggested for LINERs with the weakest emis-
sion lines, located in galaxies with predominately old stars. They
can be distinguished from strong-line LINERSs using the equivalent
widths (EW) of their emission lines, e.g. EW ([O 1] A5007) < 1 A
(Capetti & Baldi 2011) or EW (He) < 3 A (Cid-Fernandes et al.
2011). Several works however questioned this possibility, argu-
ing that a population that is less luminous and more numerous
than pAGB stars would be needed to produce the luminosities
observed in weak LINERs (Brown et al. 2008; Rosenfield et al.
2013; Heckman & Best 2014). However, most LINERs are pow-
ered by an AGN, especially those with stronger emission lines
(e.g. EW (Ha) > 3/0%) and unresolved hard X-ray emission (e.g.
Gonzalez-Martin et al. 2006, 2009b,a; Heckman & Best 2014,
and references therein). Like other AGNs, LINERSs can be divided
into type-I (broad and narrow emission lines) and type-II (only
narrow emission lines). Their emission lines are characterized by
lower levels of ionization than in Seyferts, and their normalized
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accretion rates (Eddington ratio) are one to five orders of magnitude
smaller.

The best studied nearby LINERs (e.g. Ho 1997, 2008; Kauffmann
et al. 2003c; Leslie et al. 2016) are found in nuclei of galaxies
with little or no evidence of active star formation (SF). They are
usually characterized as being hosted by massive early-type galaxies
(rarely spirals), and massive black holes in their centres, old stellar
populations, small amounts of gas and dust, with low extinctions.
Such LINERs show weak and small-scale radio jets (Ho 2008;
Heckman & Best 2014).

Tommasin et al. (2012) studied SF in LINERs from the COS-
MOS field at z ~ 0.3 using Herschel/Photo detector Array Camera
and Spectrometer (PACS) observations. They showed that: (a) the
SF luminosities of 34 out of 97 high-luminosity LINERSs are on av-
erage two orders of magnitude higher than SF luminosities of lower
AGN luminosity, nearby LINERs. (b) Even if assumed that all the
observed Ho flux is due to SF (a wrong assumption since much of it
must be due to AGN excitation), it is still impossible to recover the
star formation rate (SFR) indicated by the FIR observations. Given
this result, we suspect that active SF in LINER host galaxies has
escaped the attention of most earlier studies that focused on the in-
nermost part of nearby galaxies. In this work, we focus on the most
luminous LINERs in the local (0.04 < z < 0.11) universe and study
their SF and AGN activity, in order to understand the LINER phe-
nomenon in relation to star-forming galaxies and to compare their
properties with those of the LINERs at z ~ 0.3. Many properties
of these sources are known from Sloan Digital Sky Survey (SDSS)
spectroscopy and/or GALEX observations, e.g. emission-line lumi-
nosities, locations on the BPT diagrams, SFRs based on Dn4000
estimations, etc. Unfortunately, the 3 arcsec SDSS fibre does not
allow us to resolve the nuclear region and hence to separate AGN
excited from SF excited emission lines. The goals of the present
study are to carry out a detailed, ground-based spectroscopy of the
central regions of the most luminous LINERs, and to measure, to-
gether with Herschel and Infrared Astronomical Satellite (IRAS)
FIR data, their SFRs in a careful way.

The paper is organized as follows: in Section 2, we describe the
sample selection. Reduction procedures for our new spectroscopic
data, together with our own or archival FIR data are described in
Section 3. In Section 4, we summarize all our measurements, includ-
ing spectral fittings, emission-line and extinction measurements,
and estimations of Dn4000 and H§ indices, AGN luminosities, and
SFRs. The main results are presented in Section 5 where we discuss
the general properties of the most luminous LINERs in the local
universe, co-evolution between the SF and AGN activity, and the
location of our sample on the main sequence (MS) of star-forming
galaxies.

We assumed the following cosmological parameters throughout
the paper: 2, = 0.7, @y = 0.3, and Hy = 70 km s~! Mpc~'.

2 SAMPLE SELECTION

The sources were initially selected from the SDSS/DR4 (Kauffmann
et al. 2003a; Brinchmann et al. 2004) catalogue in Garching MPA-
JHU based on the SDSS' DR4 data (Adelman-McCarthy et al.
2006, and references therein). LINERs were first selected using
both [N 1] A6584/He and [O1] A6300/He criteria of Kewley et al.
(2006). Taking into account the completeness of the SDSS survey,
only LINERs with 0.04 < z < 0.11 were selected (Netzer 2009). To

! http://www.sdss.org/
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eliminate LINERs ionized by pAGB stars, we selected only those
galaxies with He EW (Ho) > 2.5 A (Cid-Fernandes et al. 2011).

The next step was the selection of the most luminous LINERs
within the chosen redshift interval. We measured first their AGN
luminosity (LAGN) using the [O m] 25007 and [O 1] A6300 method
of (Netzer 2009, see Section 4.4). The lines were initially cor-
rected for reddening using the observed Ha/Hp ratio and assuming
galactic extinction (see Sections 4.3 and 4.4). We selected a cer-
tain, statistically sufficient, fraction of 147 luminous LINERs with
logLAGN > 443 erg s~'. We call these sources ‘LLINERSs’. Out of
these sources, we selected a luminosity limited sample of 47 galax-
ies with SF luminosity LSF > 43.3 erg s~', where LSF is based
on the Dn4000 index (see Section 4.6). Of those, we were able to
obtain the optical spectra for 42 LINERs and Herschel/PACS data
for six sources. We refer to these 42 most luminous LINERs in
terms of both AGN and SF luminosity as ‘MLLINERs’. All ob-
served MLLINERs are listed in Table 1, where we provide the basic
information about their properties.

Fig. 1 shows the position in the LAGN versus LSF plane of
the initially classified LINERs in the selected redshift range (black
dots), and the final selected sample of MLLINERSs (blue squares).
Using the SDSS spectroscopy, we estimated the AB continuum
magnitude at 6500 A (m6500). We used these magnitudes to divide
the sample into ‘faint’ and ‘bright’ galaxies (m6500 > 17.2 mag and
m6500 < 17.2 mag, respectively). These groups are marked with
F or B in Table 1. We use this classification only for observational
purposes. Figs 2 and 2 (Cont.) show SDSS colour images of all
MLLINERSs.

3 THE DATA

In this section, we describe the optical spectroscopic observations
and data reduction that we carried out for the 42 MLLINERs. We
also describe the Herschel and IRAS FIR observations used in this
project. To deal with catalogues, we made use of Tool for OPer-
ations on Catalogues And Tables (topcat; Taylor 2005), while for
spectral and displaying purposes we used sipL code (Perea,” private
communication).

3.1 Optical spectroscopy

The observations were carried out during six runs (PI Mérquez),
between 2013 October and 2014 July, using the Cassegrain Twin
Spectrograph (TWIN) attached to the 3.5 m telescope at Calar Alto
Observatory (CAHA,® Almerfa, Spain). Table 1 summarizes the
information related with observations, including the date of ob-
servation, average seeing, position angle, and exposure times. As
mentioned in the previous section, we observed 42 LINERSs in total.
We used the TO1 (red) grating during all runs, covering a spectral
range of 67008300 A. In the blue, we used the TO8 (3500-6500 A)
grism during the first two runs (2013 October and November), and
T13 (3700=7000 A) in the following ones. The spectral sampling
for TO1, TO8, and T13 is 0.8, 1.1, and 2.1 A pixelfl, respectively.
The size of the slit used is 1.2 arcsec for seeing < 1.5 arcsec, and
1.5 arcsec for seeing > 1.5 arcsec. The values of seeing are listed
in Table 1.

Additionally, 10 bright MLLINERs were observed during four
nights in 2013 May (PI Marquez) with the Andalucia Faint

2 http://www.iaa.es/~jaime/
3 http://www.caha.es/
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Table 1. Summary of observations.

1D RA Dec. z m6500 Morph Seeing  Pos. ang. Texp_b Texp_r Areap,c IR data
©) ©) AB (mag) (arcsec) (%) ®) (9 (arcsec?)

FO1 47.499 332 0.29955  0.098 18.53 S 02/11/2013 1.2 PA 3 x 3000.0 3 x 3000.0 3.6

F02 115434586  21.18252  0.098 17.96 E 06/03/2014 1.2 314 3 % 3000.0 3 x 3000.0 3.6 1,2

FO03 131.350 08 39.245438 0.109 17.63 P 08/03/2014 1.3 201 3 x2000.0 3 x 2000.0 3.9

F04 129.599 67 49.04478  0.101 17.58 P 08/03/2014 1.3 206 3 x 2400.0 3 x 2400.0 39

F06 144.995 3496791  0.104 17.63 E 09/03/2014 1.4 220 3 x2000.0 3 x 2000.0 42 2

FO7 138.233 63 46.8671 0.051 17.27 E 09/03/2014 14 338 3 x 1800.0 3 x 1800.0 4.2

F09 170.5683 54.6951 0.105 17.50 S 03/05/2014 1.4 149 3 x2000.0 3 x 2000.0 42 2

F12 182.369 54 11.030 761  0.107 17.21 S 02/05/2014 1.6 410 3 x 2400.0 3 x 2400.0 6.0 2

F13 183.835 66 5.533633 0.082 18.09 E 05/05/2014 1.2 120 3 x 3000.0 3 x 3000.0 3.6

F14 180.156 37 4530397 0.094 17.54 S 04/05/2014 1.2 265 3 x2000.0 3 x 2000.0 3.6 2

F15 203.8548 45.891 083  0.092 17.42 E 03/05/2014 1.4 239 3 x 1800.0 3 x 1800.0 42

Fl16 255.877 96 20.849 482 0.08 18.43 ? 26/07/2014 1.0 184 3 x 3600.0 3 x 3600.0 3.0 2

F17 259.5603 6429323  0.104 17.78 E 06/03/2014 1.2 213 3 x 2400.0 3 x 2400.0 3.6 1,2

F19 316.2105 0.358 728  0.091 17.90 ? 25/07/2014 1.0 205 3 x2800.0 3 x 2800.0 3.0 1

F20 333.301 97 13.3283 0.103 18.53 P 27/07/12014 1.3 127 3 x 3600.0 3 x 3600.0 3.9

F21 342.84195  —8.956378 0.08 17.50 E 28/07/2014 1.6 241 3 x 3000.0 3 x 3000.0 4.8

F22 358.204 68 14.04565  0.096 18.02 ? 29/07/2014 1.2 238 3 x 3200.0 3 x 3200.0 3.6

F23 9.282 583 0.410 139 0.081 17.42 ? 30/07/2014 1.4 260 3 x2800.0 3 x 2800.0 42

F24 2373075  —8.710756 0.092 18.02 P 09/10/2013 1.2 PA 3 x 3000.0 3 x 3000.0 3.6 2

BO1 53.543 957 1.103 353 0.048 17.17 S 31/10/2013 1.5 PA 3 x 1600.0 3 x 1600.0 5.6

B02 124.661 04 23.48597  0.103 16.90 P 07/03/2014 1.2 315 3 x 1700.0 3 x 1700.0 3.6 1

BO3 129.577 21 33.578 53  0.062 16.79 P 06/03/2014 1.2 274 3 x 1600.0 3 x 1600.0 3.6 1,2

B04 133.797 96 0.219 117 0.101 16.90 E 10/03/2014 1.3 255 3 x 1700.0 3 x 1700.0 3.9

BO5 141.738 37 8.630 544  0.106 17.09 S 10/03/2014 1.3 180 3 x 1800.0 3 x 1800.0 3.9 2

B06*  160.265 55 11.096 189  0.053 16.50 ? 01/05/2013 0.9 PA 4 %x900.0 3 x900.0 3.0

B0O7 165.554 41 66.1674 0.078 17.17 P 06/03/2014 1.2 245 3 x 1800.0 3 x 1800.0 3.6 1

BO8* 17029817  —0.293878 0.098 17.11 E 03/05/2013 0.9 PA 4 x 1200.0 4 x 900.0 3.0

B09 171.66946  —1.6938 0.046 15.93 E 10/03/2014 1.3 290 3 x 1200.0 3 x 1200.0 3.9

B10 183.726 75 1.916 183  0.099 16.98 ? 10/03/2014 1.3 315 3 x 1700.0 3 x 1700.0 3.9

Bl11 187.959 5835786  0.103 17.03 P 03/05/2014 1.4 446 3 x 1800.0 3 x 1800.0 42 2

B12 190.785 75 1.728 797  0.092 17.09 E 05/05/2014 1.2 238 3 x 1800.0 3 x 1800.0 3.6

B13*  191.979 —3.627378 0.09 16.59 S 03/05/2013 0.7 PA 2 x 1200.0 4 x 900.0 2.3 2

B14* 1923075 15.252789 0.083 16.90 S 01/05/2013 0.7 PA 4 x900.0 3 x900.0 2.3

BI5* 20555083  —0.293453 0.086 17.17 E 02/05/2013 0.7 PA 3 x900.0 4 x900.0 2.3

Bl16 207.660 92 5373111  0.108 16.95 E 09/03/2014 1.4 267 3 x 1700.0 3 x 1700.0 42

B17 211.276 05 2771761 0.077 17.17 P 04/05/2014 1.2 180 3 x 1800.0 3 x 1800.0 3.6 2

BI18 212.887 33 45.286 14  0.071 17.14 E 02/05/2014 1.6 109 3 x 1800.0 3 x 1800.0 6.0

B19*  230.6967 59.35285  0.076 17.09 P 01/05/2013 0.8 PA 4 % 1200.0 4 x 900.0 2.6

B20!* 231.55424 3.884 864 0.086 16.79 E 02/05/2013 0.9 PA 3 % 1200.0 3 x 900.0 3.0

B21 234299 71 41.0717 0.098 16.68 E 28/07/2014 1.6 136 3 x 1800.0 3 x 1800.0 6.0

B22! 24543016 29.725 689  0.098 16.50 E 29/07/2014 1.2 264 3 x 1800.0 3 x 1800.0 3.6

B23 32773575  —6.819708 0.059 16.68 E 26/07/2014 1.0 151 3 x 1800.0 3 x 1800.0 3.0

Column description: ID - MLLINER identification (sources observed with NOT are marked with “*’; sources marked with ‘!” are possibly Sy2 galaxies and
not LINERSs as explained in Section 4.3); RA, Dec. - J2000 right ascension and declination in degrees; z - redshift, from SDSS public catalogues; m6500 - AB
continuum magnitude at 6500 A; morph - visual morphological classification where E, S, and P stand for Elliptical/S0, spiral, and peculiar (see the text); Date
- date of observation; seeing - average FWHM of the seeing in arcsec; position angle - slit position angle in degrees (PA means that the parallactic angle was
used, otherwise the angle is orientated along the major axis); texp_b and texp_r - total exposure time in blue and red parts in seconds; Areap, - area covered
with our ‘nuclear’ extraction, in arcsec” (just for comparison, the SDSS spectra cover an area of 7.08 arcsec?); IR data - availability of Herschel (1) and IRAS

(2) data.

Object Spectrograph and Camera (ALFOSC) of the 2.5 m telescope
at the Nordic Optical Telescope (NOT;* Roque de los Muchachos
Observatory, La Palma, Canary Islands, Spain). For six sources, the
S/N ratio was higher than for Centro Astrondmico Hispano Aleman
(CAHA) observations, and were consequently used throughout this
work (marked with * in Table 1). We used #6 and #8 gratings,
covering the spectral ranges 3200-5550 A and 5825-8350 A, in
the blue and red, with a typical spectral sampling of 1.4 and
1.3 A pixel™!, respectively. We used a slit of 1.3 arcsec in all
observations.

4 http://www.not.iac.es/
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Several target exposures were taken (see Table 1) for cosmic rays
and bad pixel removal. Arc lamp exposures were obtained before
and after each target observation. At least two standard stars (up to
four) were observed at the beginning and at the end of each night
through a 10 arcsec width slit. For the final flux calibration, we
only considered the combination of those stars where the difference
of their computed instrumental sensitivity function was lower than
10 per cent.

Spectroscopic data reduction was carried out using IRAF.’
We followed the standard steps of bias subtraction, flat-field

5 http://iraf.noao.edu

9T0Z ‘ST JeqUiBAoN Uo DISD e /BI0'S [euinolpuoxo'seiuLu//:dny wody pepeojumod


http://www.not.iac.es/
http://iraf.noao.edu
http://mnras.oxfordjournals.org/

10%

L [erg/sec]

| \\\HH‘. | \\\HH‘ \\\HH‘ | L 111l
10% 10% 10% 10%
L.on [Erg/sec]

Figure 1. The entire 0.04 < z < 0.11 SDSS/DR4 LINER sample used in
this work (small black squares) and the subsample used for the Herschel
proposal and the follow up spectroscopy (large blue squares). The dashed
lines mark the lower limits on LAGN and LSF (based on Dn4000 index)
used for the selection of the targets.
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correction, wavelength calibration, atmospheric extinction correc-
tion, and flux calibration. The sky background level was determined
by taking median averages over two strips on both sides of the
galaxy signal, and subtracting it from the final combined galaxy
spectra. As a sanity check, we compared the reduced and calibrated
spectra with the SDSS ones, scaling our data to map similar areas.
Good agreement was found between the two data sets, with dif-
ferences lower than 20 per cent in both, blue and red parts of the
spectra.

Morphological classification was done visually, by three inde-
pendent classifiers, using the SDSS gri colour images shown in
Fig. 2 and 2 (Cont.). We separated all galaxies between early-type
(E: ellipticals and lenticulars), spiral (S), and peculiar (P). The type
represented in Table 1 is the one assigned by the majority of the
classifiers (three or two). When the classification results in three
different types, we leave the source unclassified (symbol ‘?” in the
table). P class was assigned to those sources showing a clear pres-
ence of interactions, additional structures (e.g. tails, rings), and/or
irregular shapes. More discussion about galaxy morphology is given
in Section 5.1.

FO1 Fo2
J030959.83+001758.3 | |J074144.3+211057

F06
J093958.8+345804.4

Fo7 FO9 F12
J091256.06+465201.5 ||J112216.38+544142.3

J120928.68+110150.7

F13
J121520.55+053201

F17

J133525.14+455327.

J171814. 4746417

F19 F20
J210450.52+002131.4  |J221312.46+131941.8

F22
J225122.06-085722.9

J233249.11+140244.3 03707.81+002436.5 ||J013455.38-084238.7

F24

Figure 2. SDSS gri colour images of our selected sample of the most luminous local LINERs. The top and bottom identifications correspond to our and SDSS

ones, respectively.
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BO3

BO4
J085511.5+001308.8

J081 B38.65+232509.4

J083818.52+333442.7

BO3 BO6
J092657.21+083749.9  |[J104103.72+110546.2

B08

J11"213.<}5+681802.E J112111.56-001737.9

JHZ&«#" B86-0141376

B10 B11
J121454.41+015458.2 |[J123150.15+582128.3

B12
J124308.57+014343.6

J124754.85-033738.5

J124913.79+151510

B15 ||B18
J134212.18-001736.4 J135038.61+534352

B17
J140506.24+024618.3

B2z
J162143.24+204332 4

J141132.85+451710

J215056.57-064910.9

J152247.2+592110.2

B20 B21
J153711.92+410418.1

J152613.01+035305.5

Figure 2 — continued

3.2 Far-infrared photometry

3.2.1 Herschel/PACS

We obtained FIR data for six objects in our sample (symbol 1 in
column 13, Table 1) using the PACS on board of the Herschel
Space Observatory.® The data are part of a large LINER proposal
(PI Netzer) out of which six targets were observed. We obtained
30 photometry with PACS blue and red bands, at 70 and 160 wm,
respectively. The data were processed using the standard procedure
and Herschel Interactive Processing Environment (HIPE) tool (Ott
et al. 2006). We extracted flux densities and their errors using again

6 http://www.esa.int/herschel
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the standard HIPE tools. The fluxes and their errors are listed in
Table 2.

3.2.2 IRAS

We collected the available FIR flux measurements made by the
IRAS’ . Using the catalogue of galaxies and QSOs, Point Source Cat-
alog (PSC), and Faint Source Catalog (FSC), we found 13 sources
in total with flux densities measured or estimated as upper limits in
all four /RAS bands, at 12, 25, 60 and 100 pm. All these sources
are listed in the last column of Table 1, while the flux densities are
provided in Table 2. In the 60 wm band, all detections have quality

7 http://irsa.ipac.caltech.edu/IR ASdocs/toc.html
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Table 2. Summary of FIR observations with Herschel and IRAS.
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Table 3. Dn4000 and H§ measurements.

ID Herschel 70 Herschel 160 IRAS_60 IRAS_100 ID Dn4000 Hé ID Dn4000 Hé
F02  0.2911 £ 0.001 0.3909 £ 0.0024  0.2369 (3)  L.811 (1) FO1 1.32 £0.37 0.90 B0O3 3.16
F06 0.2366 (3)  0.9363 (1) F02 1.37 £ 0.28 3.70 B0O4 1.47 +£0.31 4.67
F09 0.3957 (3)  0.9608 (2) F03 1.45+£0.34 2.81 BO5 1.41+£0.32 3.54
F12 0.4728 (3)  0.9564 (2) F04 1.51 +£0.34 0.85 B06 1.30 +£0.22 5.59
Fl14 0.3074 (3) 0.6414 (2) F06 1.35£0.27 5.20 BO7 1.39 £0.34 1.26
F16 0.5082 (3) 0.9774 (2) FO7 7.46 B08 1.43 +£0.24 2.07
F17  0.2894 4+ 0.0036  0.2431 4 0.0068 0.2993 (3)  0.4687 (1) F09 1.44 £0.35 2.97 B09
F19 0.02 £ 0.0011  0.0604 £ 0.0025 F12 1.49 £+ 0.40 5.44 B10 1.28 +£0.23 4.10
F24 0.2772 (3)  0.6128 (2) F13 5.59 B11 1.26 £0.15 3.54
B02 0.1153 + 0.0037  0.1859 % 0.0069 F14 1.37 £ 0.30 4.16 B12 1.33 +£0.28 0.83
B03  0.7758 £+ 0.0037 1.2186 % 0.007 0.784 (3) 1.356 (2) F15 1.33 £0.27 4.93 BI13 1.01 £0.12 4.52
BO5 0.2821 (3)  0.8639 (2) F16 1.16 £ 0.25 0.66 B14 1.52 +0.26 1.28
B07 0.1229 4 0.0037  0.3408 % 0.0069 F17 1.26 £0.29 7.80 BI5 1.27 £0.25 7.04
BI11 0.289 (3) 0.6007 (2) F19 1.39 £ 0.33 0.24 B16 1.36 £ 0.30 6.23
BI3 0.7087 (3)  0.8789 (2) F20 1.16 £0.20 2.25 B17 1.21 £0.27 6.90
B17 0.5019 (3)  0.9337(2) F21 1.37 £ 0.30 5.98 B18 1.34 +£0.26 6.00
Column description: ID - MLLINER identification; Herschel_70 and Her- Egi i;Z) i 8;3 24912 ]1332109‘ ifé i g;; Z;(l)
schel_160 - FIR flux and its error in the 70 and 160 pum Herschel/PACS -~ ’ ’ ’ ’ ’ =
bands, respectively, in Jy; IRAS_60 and /RAS_100 - IRAS FIR flux and the F24 1.324£0.56 8.26 B21 1454027 024
. . . . . S BO1 1.23 £0.29 5.49 B22! 122 £0.23 5.79
quality flag in 60 and 100 pum bans, respectively, in Jy (quality flag is given
between the brackets, where 3 means high quality, 2 moderate quality, and BO2 1164022 635 B23 146 027 296

1 an upper limit).

flag = 3 (high quality), while for the 100 pm band, 10 detections
have flag = 2 (moderate), and three sources have flag = 1 (upper
limit). We only used the data with flags = 3 or = 2. For sources
with flag = 1, we only used the information from the 60 pm band
(see Section 4.6 for more information).

Three of the IRAS observed sources (F02, F17, and BO3) were also
observed with Herschel/PACS. We compared the fluxes between
PACS 70 pm and /RAS 60 pm, as well as the total SFRs measured
with both surveys, and found only small differences. In the following
analysis, we will use the Herschel/PACS measurements for these
three sources.

4 DATA ANALYSIS AND MEASUREMENTS

4.1 Dn4000 and HS measurements

Using the flux calibrated spectra, we measured the strength of
4000 A break (Dn4000) and Balmer absorption-line index Hé. These
two indices are known to be important for tracing the star formation
histories (SFHs) in galaxies (Kauffmann et al. 2003a). Dn4000 was
measured as explained in Balogh et al. (1999), as the ratio between
the average flux density in the continuum bands 4000-4100 A and
3850-3950 A. To obtain the H§ index, we used the definition of
Worthey & Ottaviani (1997). We first measured the average fluxes
in two continuum bandpasses, blue (4041.60-4079.75 A), and red
(4128.50-4161.00 A). The two average fluxes defined the contin-
uum which we used to measure the H§ index, carrying out the
integration within the feature in the band 4083.50—4122.25 A and
expressing it in terms of the EW. Table 3 lists all these values.
The main purpose of measuring Dn4000 is for using it later as
an SFR indicator, while H§ was mainly used as an additional pa-
rameter of consistency of our measurements when comparing it
with Dn4000. Previous works showed that the typical values for
early-type galaxies are Dn4000 > 1.7 and Hé < 1 (Kauffmann
et al. 2003c¢).

We compared our Dn4000 and Hé measurements with those
from the MPA-JHU DR7 data base measured on SDSS spectra

! Possibly Sy2 galaxies (see Section 4.3).

(Brinchmann et al. 2004). In general, for both parameters we found
a good agreement between the two, with Spearman’s rank correla-
tion coefficients p = 0.81 and 0.84, when comparing Dn4000 and
H$, respectively.

Fig. 3 shows the relation between the Dn4000 and H$ indices
obtained by Kauffmann et al. (2003a) for the SDSS DR4 sample
(see their fig. 6). They used a library of 32 000 different SFH, where
for each SFH they have a corresponding Dn4000 and H$ indices,
as well as the fraction of the total stellar mass of the galaxy formed
in the bursts over the past 2 Gyr (Fpu). In their figure, the bins
are coded according to the fraction of model SFHs with Fy in
a given range (see the caption of their fig. 3). We used this figure
and overplotted our Dn4000 and H§ measurements (coloured filled
circles). In general our measurements are consistent with the models
by Kauffmann et al. (2003a). More details about SFHs are given in
Section 5.1.

4.2 STARLIGHT spectral fittings of the nuclear regions

We extracted what we call the nuclear spectra by selecting a central
region equal to 2.5 times the full width at half-maximum (FWHM)
of the seeing. In the case of CAHA, the extraction size is 5 —
8 pixels (depending on the used slit), while in the case of NOT
data the central 10 pixels were extracted. The total area covered by
the nuclear extraction is given in the last column of Table 1 for all
MLLINERSs.

Modelling of the nuclear stellar spectra of our sources was per-
formed with the starLIGHT® V.04 synthesis code (Cid-Fernandes
et al. 2005, 2009). All spectra were previously corrected for galac-
tic extinction, K-corrected, and moved to rest frame. To correct
for the galactic extinction, we used the pystarlight® library
within the astrophysics pyTHoN package'® and Schlegel, Finkbeiner

8 http://astro.ufsc.br/starlight
9 https://pypi.python.org/pypi/PySTARLIGHT
10 https://pythonhosted.org/Astropysics/
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Figure 3. Fig. 6 of Kauffmann et al. (2003a), showing the relation between
the Dn4000 and Hé indices for their sample of SDSS sources, with our
sample overplotted (colour filled circles). Open and solid triangles show
the indices with high confidence that the galaxy has experienced a burst
over the past 2 Gyr (our green and yellow circles, respectively). In more
particular they indicate regions where 95 per cent of the model galaxies
have Fpyrt > 0.05 and the burst occurred more than and less than 0.1 Gyr
ago, respectively. Solid squares indicate regions where 95 per cent of the
model galaxies have Fpy¢ = O (our orange circle). Regions marked with
crosses contain a mix of bursty and continuous SF models (our red circles).
Violet circles lie outside the range covered by models.

Table 4. The best stellar population mixture found by STARLIGHT.

& Davis (1998) maps of dust IR emission. Our fittings are based on
the templates from Bruzual & Charlot (2003), with solar metallicity
and 25 different stellar ages, from 0.001 x 10° to 18 x 10°. Con-
sidering that we are dealing with nuclear spectra of large galaxies,
this approximation should be fine for our sources (Ho 2003, 2008).
We masked in all spectra the emission-line regions, areas with at-
mospheric absorptions, and regions with bad pixels. To measure the
signal-to-noise (S/N), we checked visually all spectra to select the
continuum region free of bad pixels, using always the blue range
and a width of at least 80 A. Tn most cases, we selected the region
around ~4600 or ~5600 A. S/N measurements are listed in Table 4.

In this work, we used the Cardelli et al. (1989) extinction law.
This law was widely used in different surveys for fitting the host-
dominated sources (Stasifiska et al. 2006; Cid-Fernandes et al. 2011;
Gonzdlez Delgado et al. 2016). We also tested the Calzetti et al.
(2007) law, and made a comparison between the two. We found
differences to be lower than 20 per cent therefore we only show
results that were obtained with the Cardelli et al (1989) extinction
law.

The basic information obtained from the best-fitting stellar popu-
lation models is summarized in Table 4 for all MLLINERS. The adev
parameter gives the goodness of the fit, and presents the mean devia-
tion over the all fitted pixels (in percentage); adev < 6 and < 10 stand
for ‘very good’ and ‘good’ fits, respectively (Cid-Fernandes et al.
2005, 2009). We obtained very good fit in ~80 per cent of the cases.
The measured S/N ratio and extinction Ay are given in columns
3 and 4, respectively. The best-fitting parameters (M_cor_tot and
M_ini_tot) were used to measure two types of stellar masses, fol-
lowing Cid-Fernandes et al. (2005, 2009): the present mass in stars,

M, = M_cor_tot x 10717 x 4ntd®> x (3.826 x 1033)7!,

and the initial mass, that has been processed into stars throughout
the galaxy life:

ID adev S/N Ay M, Mi“i stpopl stpop2 stpop3 (logf)| ID adev S/N Ay M, Mi“i stpopl  stpop2 stpop3  (logf)
FO1 9.62 15.16 0.138 0.76 1.46 483 2208 7142 9.03 | BO3 2.64 4451 0.877 2.89 579 1581 14.67 67.75 9.19
FO2 470 21.69 1.667 250 4.70 15.17 1892 6647 897 | B0O4 3.54 44.18 0.584 193 341 0.0 0.0 93.51 8.61
FO3 459 2582 0.584 1.67 3.12 6.38 0.0 95.8 9.53 | BO5 439 3096 0.753 3.77 7.20 1.72 34 88.68  8.77
Fo4 427 2674 0.827 2.17 4.07 6.89 0.0 97.81 9.82 | BO6 2.68 4525 1.209 3.35 6.65 0.0 5528 4289 895
Fo6  3.74 36.17 1306 1.56 2.64 5.64 10.51 79.16 851 | BO7 426 37.31 2209 6.81 13.63 855 20.57 70.08 9.46
FO7 337 2742 1.162 0.61 121 4152 423 1826  8.17 | BO8 3.43 3136 0.3838 4.64 929 0.0 53.01 49.76 945
FO9 849 1836 1423 193 344 0.0 10.96  90.84 9.36 | B0O9 2.60 4441 0234 096 1.77 9.18 0.0 87.64  8.97
F12 521 31.79 0459 0.86 1.56 0.0 4309 5445 9.06 | B10 3.23 47.73 0.787 1.19 2.02 521 124 7821  8.59
F13 12.60 2390 1.515 0.58 0.99 0.0 424  90.83 871 | BI1 343 4365 0517 1.68 295 0.0 1494 7546 8.26
F14 7.53 2031 0.8 1.10 2.04 0.0 89.94 8.7 894 | BI12 566 27.73 0.706 0.57 097 0.0 2478 70.88 8.7
F15 5.09 28.67 0991 1.05 1.87 0.0 96.77 339 899 | B13 2.17 5033 0.673 144 247 7.65 650 26.36  8.18
Fl6 7.51 17.07 1239 0.88 1.70 1644 1277 69.52 8.69 | B14 3.39 4195 0.741 475 942 0.0 25.8 7438 9.5
F17 355 4321 1369 1.02 1.71 7.1 3241 5834 858 | BI5 289 4362 0.701 1.03 1.85 0.0 92.53 9.72 9.0
F19 739 18.17 0.542 1.54 2.98 0.0 1779 8321 9.68 | B16 349 39.68 0.327 1.33 2.31 0.0 0.0 98.71  9.07
F20 6.51 22.11 1.154 090 1.69 6.37 4745 46.19 8.68 | B17 395 4553 0997 147 283 0.0 5778  42.84  9.07
F21 7.49 2274 0.738 1.52 2.84 0.0 49.74 504 9.27 | B18 4.38 32.81 0916 144 278 0.0 78.52 18.81  8.88
F22 430 30.01 0.698 1.45 2.81 0.0 4972  48.15 8.75 | B19 448 33.10 1914 561 11.06 0.0 7721 21.86 8.76
F23 525 3438 0.702 1.12 2.13 0.0 86.75 9.27 8.58 | B20! 3.20 31.32 0.312 541 1082 0.0 51.55 53.01 99
F24 11.55 1097 1.68 1.78 3.52 12.06 5786 3198 898 | B21 441 51.15 0.515 832 16.65 0.0 3845 5692 9.28
BOl 5.67 23.82 0.681 0.69 1.36 2.67 74.6 23.11 872 | B22! 3.71 4286 0462 485 9.52 0.0 5746 36.84  8.69
B02 287 41.10 1.105 3.89 7.65 9.67 55.18 32.08 845 | B23 426 35.50 1.73 331 0.0 63.79 34.14 9.11

Column description

: ID - MLLINER identification (‘!” - possibly Sy2 galaxies, see Section 4.3); adev - goodness of the fit (see the text); S/N - measured S/N
ratio (see Section 4.2); Ay - extinction in V band; M, and Mi“i - current and initial mass in stars, respectively, in 10'° [M@: stpopl - fraction of young stars
with age [yr] < 10% in per cent; stpop2 - fraction of intermediate stars with 108 < age [yr] < 10° in per cent; stpop3 - fraction of old stars with age [yr] > 10°
in per cent; (logt) - mean age.

MNRAS 462, 2878-2903 (2016)

9T0Z ‘ST JeqUiBAoN Uo DISD e /BI0'S [euinolpuoxo'seiuLu//:dny wody pepeojumod


http://mnras.oxfordjournals.org/

MM = M_ini_tot x 10717 x 47d? x (3.826 x 10*%)~L.

The results regarding the best stellar population mixture are
summarized in columns 7-9. They are represented through the
light-fraction population vector (corresponds to the same wave-
length selected for measuring S/N, see above) for three stellar ages:
young (with age [yr] < 10%), intermediate (10% < age [yr] < 10°),
and old (age [yr] > 10%). We discuss stellar populations in more
detail in Section 5.1. Finally, we calculated the light-weighted mean
ages of our MLLINERs, using as a reference Cid-Fernandes et al.
(2013):

(logt) = > x, 7logt,
nZ

where x; 7 is a fraction of light at stellar age ¢ in our best-fitting
model and metallicity Z (Z, in our case). The plots with the best-
fitting models (red lines) and original spectra (blue lines) are shown
in Appendix (Figs A1-AS5).

4.3 Emission-line measurements and classification

We obtained the nuclear emission-line spectra by subtracting from
the original ones the best-fitting stellar models. Figs A1-AS5 show
the final emission spectra (black solid lines) of all MLLINERs. We
used these spectra to measure the properties of the emission lines.
Using splot IRAF task, we measured the flux of the strong emission
lines by fitting a single Gaussian function. Table 5 summarizes the
resulting fluxes for [On] 23727, HB, [O m] 24959, [Om] A5007,
[O1] 46300, [N 1] 16548, [N 11] 16584, [S1u] 16718, and [S 1] A6731
lines relative to the He line. The errors were measured taking into
account the rms of the continuum. We also measured the EW of Ho
line by fitting again the line with a single Gaussian function and
using the original spectra.

All emission lines were corrected for extinction using the ratio
of H1 Balmer lines, and using He/HB = 3.1 as the theoretical
value for AGN (Osterbrock & Ferland 2005). Table 6 summarizes
the corrected flux ratios, again relative to the Ho line. We also
summarize the measured values of extinction in the V band (Ay).
We compared these values with those obtained from the STARLIGHT
best-fitting models (see Section 4.2 and Table 4), finding in general
important discrepancies between the two measurements, where the
emission-line technique gives in general higher values of Ay, as has
been seen previously (Calzetti, Kinney & Storchi-Bergmann 1994).

Fig. 4 (top plots) shows three standard BPT diagrams based on
[Nm] 26584, [O1] A6300, and [S1] AA6716+6731 emission-line
ratios, used to separate between the Hu regions and AGN, and
between Seyfert 2 galaxies and LINERs (Baldwin et al. 1981). The
lines correspond to Kewley et al. (2001), Kauffmann et al. (2003a),
Kewley et al. (2006), and Cid-Fernandes et al. (2010, see the caption
of Fig. 4). Following the BPT-N 11 diagram, four MLLINERs (B22,
B20, B09, and F19) enter in the region of Seyfert galaxies (although
they are located close to the limiting line with LINERs), while
another three sources (B13, B14, and F20) stay inside the transition
region. As for [O1] 26300, we could not detect this line in most of
our CAHA observations, and we only have seven sources plotted
in the BPT-O1 diagram (see Table 5). All these sources enter in
the region typical of LINERs. In the BPT-S i1 diagram again four
sources are located inside the area typical of Seyfert (B20, B21,
B22, and F07), while 13 lie in the transition region (in particular
B03, B05, B10, B13, B18, FO1, F02, F06, F12, F16, F17, F20, and
F22). We considered as possible outliers those sources that at least in

SF and AGN activity in the local MLLINERs 2885

two of the BPT diagrams lie outside of the standard LINER region.
We found two possible Seyfert galaxies (B20 and B22, marked in
red), and two possible transition galaxies (F20 and B13, marked in
blue).

The discrepant classification of some of the sources is not sur-
prising given that the original sample selection was based on the
SDSS MPA-JHU DR4 data. Since then both SDSS data calibration
and the analysis by the MPA-JHU have improved. We compared
the positions of our MLLINERs on the BPT diagrams using the
new version of MPA-JHU catalogues based on the SDSS DR7 data.
These plots are presented in Fig. 4 (bottom diagrams). B20 and
B22 enter in the Seyfert region in this case as well. Therefore, we
will consider these two galaxies as outliers, and although we pro-
vide their measurements in all tables, we exclude them from all
diagrams showed in Section 5. In all tables, these two galaxies are
marked with ‘!I. F20 and B13 stay inside the LINER region in the
SDSS DR7, so we do not consider them as outliers.

To test in more detail the nuclear classification of our MLLINERS,
we also used the WHAN diagram by Cid-Fernandes et al. (2011).
This diagram shows the relation between EW(Ho) and the [N ]
A6584/Ha ratio, and separates all galaxies in passive (lineless),
retired, pure SF, and strong and weak AGN. The purpose is to
distinguish ‘true’ from ‘fake’ AGN, and to separate between the two
classes that overlap in the LINER region of the traditional diagnostic
diagrams: galaxies hosting weak AGN, and retired galaxies that
have stopped forming stars and are ionized by hot low-mass evolved
(pAGB) stars. Fig. 5 represents the WHAN diagram for all our
MLLINERs. 33 sources occupy the region of strong AGN having
EW (Ho) > 6 A and [N 1] 16584/Har > —0.4, while six (B02, B06,
B16,B19, B21, and B22) are located in the area of weak AGN with
3 A <EW(Ha) < 6 A and [N 1] 16584/Ha > —0.4.

Three MLLINERs (B04, F09, and F23) show EW(Ha) between
1.4 and 3A and are therefore located in the area of retired galax-
ies. The lower limit of EW(Ha) = 3 A was determined by Cid-
Fernandes et al. (2011) using the 3 arcsec SDSS fibre spectra. In
our case, however, we used the nuclear spectra covering a smaller
area for all MLLINERs. We compared our EW(Ho) measurements
with those of SDSS MPA-JHU DR7!! finding a linear correlation,
but higher MPA-JHU values in all cases due to aperture differences.
Since in the MPA-JHU DR?7 catalogue all our sources have EW
(Ha) > 3 A (as in the initially used DR4 version), we will continue
to consider the entire selected sample as AGN, including the three
sources that enter in the area of retired galaxies with the values from
our nuclear spectra.

4.4 AGN luminosity

Our measurements of LAGN are based on the reddening-corrected
luminosity of HB and [O m] A5007. We used equation 4 from Tom-
masin et al. (2012) which is based on Netzer (2009):

logLAGN = logL(HB) + 3.75 + max[0,0.31
x (log([Om] A5007/HB)—0.6)].

Table 8 summarizes the obtained values for all MLLINERSs. Net-
zer (2009) showed that [O 1] A5007 and [O1] 26300 lines provide

' http://wwwmpa.mpa-garching. mpg.de/SDSS/DR7/
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Figure 4. Top: the BPT-N 1 (left), BPT-O11 (centre), and BPT-S 11 (right) diagrams. In the BPT-N 11 plot black dashed line (Kauffmann et al. 2003a) and blue
solid line (Kewley et al. 2001) separate Hu regions and AGNs, while green dotted line (Cid-Fernandes et al. 2010) separates Seyfert (above) and LINERs
(below). The BPT-O1 and BPT-S i1 diagrams use Kewley et al. (2006) limits to distinguish between different sources. In all plots red and blue filled circles
show possible outliers (see the text) classified as Seyfert and transit, respectively. The median error bars are given in all plots in the bottom-left corner. Bottom:
same as above, but using SDSS MPA-JHU DR7 data. In the BPT-N 11 and BPT-S 1 diagrams, red and blue filled circles show the position of sources being in
the Seyfert and transition areas, respectively, in our plots. In the BPT-O 1 diagram there are fewer sources due to the availability of [O 1] 16300 line. We marked

the position of all sources for we have data with dark blue filled circles.
more accurate measurements of the LAGN, measured as

logLAGN = 3.8 + 0.25logL([O 1] A5007)
+0.75logL([O 1] A6300).

However, since [O 1] A6300 is missing in most of our spectra (see
Table 6), we are able to measure the LAGN based on this line only
in the case of seven MLLINERS, and therefore for consistency we
would not use these measurements in our analyses.

4.5 AGN and SF contributions to the emission lines

Both Ha and [O 1] A3727 lines can be used to estimate SFRs in
non-active galaxies (Kennicutt 1992; Kewley, Geller & Jansen
2004; Mouhcine et al. 2005; Moustakas, Kennicutt & Tremon-
tiet 2006). However, all our sources are classified as LINERs and
hence much of the flux in these two lines can be due to ioniza-
tion and excitation by the central non-stellar source. To assess the
various contributions to L(He), we made an estimate of the ex-
pected Ho luminosity (using Netzer 2013 expression) based on the
SFRs, obtained from STARLIGHT by using stellar absorption spec-

MNRAS 462, 2878-2903 (2016)

tra and young stellar populations (age < 10® yr). We compared
these values with the measured Hoe luminosities (see Table 6). Ta-
ble 7 gives all measurements and estimated AGN contributions.
For those MLLINERs without young stellar populations detected
(see Table 4), we assume that all He emission comes from the
AGN. In almost all MLLINERSs, most of the nuclear He is due
to the AGN (all sources except four have AGN contribution of
> 60 per cent). Therefore, we do not consider the estimators
based on Ha and [O 1] A3727 lines as reliable tracers of SF in our
case.

4.6 Star formation rates

We measured the SFRs using different methods and data, both op-
tical and FIR. In the following, we provide a full description for
each measurement, and list the results in Table 8. To convert SFR to
LSF, we assume a slightly rounded value of LSF = SFR x 10"’ L,
based on the Kroupa initial mass function (IMF). When scaling
the nuclear measurements of SFRs of our MLLINERS to those
of the entire galaxy, we assume that the specific star forma-
tion rate (sSFR) is constant throughout the galaxy and therefore:
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Figure 5. The revised WHAN classification diagram of our MLLINERs
showing the relation between EW(He) and [N u]/He. The limits are those
suggested by Cid-Fernandes et al. (2011). They are used to separate between
star-forming galaxies, strong AGN (sAGN), weak AGN (WAGN)), retired,
and passive galaxies, as marked on the diagram.

Table 7. AGN contribution measured through L(Ho) and sTARLIGHT SFRs
(obtained from young stellar populations).

1D L(Ha)_test AGN¢ope | ID L(Ha)_test AGN on¢
x 1040 (erg s7h (per cent) x 1040 (erg s7h (per cent)
FO1 0.23 96.7 BO3 6.49 94.9
F02 3.33 92.4 B04 0.0 100.0
FO3 1.65 83.0 BO5 1.69 93.0
Fo4 1.65 87.0 B06 0.0 100.0
F06 5.99 78.4 BO7 9.83 65.3
FO7 3.76 55.0 B08 0.0 100.0
F09 0.0 100.0 B09 1.08 46.4
F12 0.0 100.0 B10 2.48 86.2
F13 0.0 100.0 Bl11 0.0 100.0
F14 5.19 5.7 B13 4.55 97.3
F15 0.0 100.0 Bl14 0.0 100.0
Fl16 1.25 96.9 B15 0.0 100.0
F17 6.35 77.2 B16 0.0 100.0
F19 0.0 100.0 B17 0.0 100.0
F20 0.95 95.6 B18 0.0 100.0
F21 0.0 100.0 B19 0.0 100.0
F22 0.0 100.0 B20! 0.0 100.0
F23 0.0 100.0 B21 0.0 100.0
BO1 0.62 94.9 B22! 0.0 100.0
B02 11.1 0.0 B23 0.0 100.0

Column description: ID - MLLINER identification; L(Ha)_test - Ho lu-
minosity obtained from the sTarLIGHT SFRs correspondent only to young
stellar populations; AGNcen - approximation of AGN contribution to Ho
luminosity in per cent.

SFRcated = SFRuuclear/Muuclear X Mior, Where the total stellar mass
was taken from the MPA-JHU DR7 catalogue and is listed in Ta-
ble 8 (last column), while M,ycjear 18 the mass measured from our
nuclear spectra (see Table 4). This assumption is further tested by
comparing optical and FIR measurements.

SFR using STARLIGHT best fits. We followed the equation from
Cid-Fernandes et al. (2013) and obtained the mean SFR surface

SF and AGN activity in the local MLLINERs 2889

density, by accumulating all the stellar mass formed since a look-
back time of tsg. The mass-over-time average is

SFR(tsp) = ltsr > M,

where M, is the mass of stars formed at look-back time ¢ (corre-
sponding to M in Section 4.2). We measured three SFRs, for stellar
populations younger than 10® yr, for those younger than 10° yr, and
the total one corresponding to the entire initial mass processed into
stars throughout the galaxy life (<logt>, column 10 in Table 4).
The SFRs are listed in columns 2, 3, and 4 in Table 8. We also
estimated what would be the values of STARLIGHT total SFRs when
scaled to map the entire galaxy (column 5 in Table 8), as explained
above.

SFR using Dn4000. We compared our results with the models
obtained by Brinchmann et al. (2004), showing the relation between
the sSFR and the Dn4000 index (their fig. 11). Using the nuclear
M., masses from the STARLIGHT fits (see Section 4.2) and our Dn4000
measurements (see Section 4.1) we obtained the mode SFRs. These
values are again provided in Table 8 together with the scaled SFR
if mapping the entire galaxy (columns 6 and 7).

SFR using FIR luminosity. Finally, we measured SFRs using
Herschel/PACS and IRAS FIR data (see Table 1). We assumed that
all the FIR luminosity is due to SF, and that the total IR SF lumi-
nosity (TIR, the SF luminosity integrate over the range 8—100 pum)
is dominated by the FIR luminosity. Thus, LSF = L(TIR). In the
case of six sources observed with Herschel, we performed the spec-
tral energy distribution (SED) fitting to obtain L(FIR) through x>
minimization and using the templates of Chary & Elbaz (2001). To
measure the SFR with /RAS data, we followed the same procedure
applied in Tommasin et al. (2012). Lgr is measured through Fpg,
using two IRAS bands, and following the expression provided in
Sanders & Mirabel (1996):

Frr = 1.26x 10714(2.58 x F(60 pum) + F(100 pum)) [W m~2],

where F(60 um) and F(100 wm) are the fluxes in 60 and 100 um
IRAS bands, respectively. As in Tommasin et al. (2012), we do
not include the fluxes at 12 and 25 pum bands since they may
be influenced by warm AGN heated dust. In the case of three
MLLINERs with poor flux measurements in the 100 pm band,
having flag quality of 1 (see Table 2), we measured the total FIR
flux as Frpr = 2 x F(60 um) (see e.g. Rosario et al. 2012).

5 RESULTS AND DISCUSSION

5.1 General properties of the MLLINERs

In this section, we describe the general properties of our
MLLINERS: their masses, extinction, morphology, SFRs, and stel-
lar populations. We compare them with the properties of other
LLINERs (see Section 2), with the sample of the most-luminous
LINERs at z ~ 0.3 (Tommasin et al. 2012), and with the nearby
and local LINER population analysed in previous studies (e.g. Ho
1997, Leslie et al. 2016).

5.1.1 Stellar and black hole mass

The nuclear stellar masses of our MLLINERSs cover the range be-
tween 5.7 x 10° and 8.32 x 10'® M. The median stellar mass
is 1.52 x 10'° M and the average mass is 2.11 x 10'° M.
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Figure 6. Top: distribution of nuclear stellar masses of MLLINERs. Bot-
tom: distributions of the SDSS/DR7 total stellar masses of MLLINERs
(filled blue histogram), of the entire population of LLINERs (solid black
lines), and of the most-luminous LINERSs at z ~ 0.3 (red dashed line) from
Tommasin et al. (2012).

Fig. 6 (top plot) shows the distribution of our nuclear measurements.
Using the SDSS MPA-JHU DR7 measurements of total stellar
masses, we found that our MLLINERS cover the range 7.21 x 10°—
2.71 x 10" M@, with median masses of 6.58 x 100 Mg.InFig. 6
(bottom plot), we compared this distribution with those of LLINERs
(see Fig. 1), and with the sample of the most luminous LINERs at
z ~ 0.3 from Tommasin et al. (2012). Interestingly, MLLINERSs at
z ~ 0.07 and ~ 0.3, although hosted by massive galaxies, do not
cover the region of the most massive galaxies. When comparing our
sample with the sample at z ~ 0.3, the distributions are not com-
pletely consistent [Kolmogorov—Smirnov (KS) probability factor
of 0.02]. A significant part (35 per cent) of Tommasin et al. (2012)

SF and AGN activity in the local MLLINERs 2891

Table 9. Median total stellar masses of MLLINERs and LLINERS in rela-
tion to morphology (given as logarithm and in M)

All E S P unclass

logM;,,  10.83  10.73 11.0 11.08 10.69
MLLINERs st.dev. 0.34 0.34 0.33 0.22 0.22

num. 40 16 8 10 6
logM o 11.04 11.14 11.05 11.14 10.94
LLINERs st.dev. 0.33 0.36 0.29 0.35 0.31
num. 88 33 27 10 18

LINERs have lower stellar masses, however the peak of the two
distributions at log M, ~ 10.9 M, is the same for both samples.

We compared the distributions of black hole masses (MBH)
between MLLINERs and LLINERs. To derive MBH, we used
its correlation with stellar velocity dispersion found by Tremaine
et al. (2002) in the nearby universe, shown to be reliable for el-
liptical and bulge-dominated galaxies. We recovered stellar veloc-
ity dispersions from the MPA-JHU DR?7 catalogue, and we ob-
tained MBH only for galaxies classified as ellipticals (see Sec-
tion 3). The values are given in Table 8. MLLINERSs cover the
range between log (MBH/M@)) = 7.03-8.57 with a median value
of log (MBH/M¢)) = 7.45, while LLINERs show MBH in the
range log (MBH/M@) = 6.24-8.54 and median value of log
(MBH/M¢,) = 8.04. Interestingly, our MLLINERSs do not contain
the most massive BHSs in their centres.

It could be surprising that MLLINERS, having on average higher
SFRs than LLINERs, show in general lower stellar masses. Different
works, both observational (Kauffmann et al. 2003b; Mateus et al.
2006; Leauthaud et al. 2012; Pérez et al. 2013) and numerical
(Shankar et al. 2006; Behroozi et al. 2012), revealed a stellar mass of
~6 x 10'° Mg, as critical for the growth rate of stellar populations.
In particular, in Pérez et al. (2013) by studying a 3D spectroscopic
sample of 105 local galaxies, the authors found that in galaxies
more massive than 5 x 100 Mg, the inner regions (< 0.5 Rsp) grew
as much as 50-100 per cent faster than in the lower mass galaxies.
They found that the peak of relative growth rates of inner and outer
galaxy regions correspond to the stellar mass of 67 x 10'° Mg
(see their fig. 5), while for lower and higher masses the growth rate
decreases and therefore SFRs (LSF) as well. The median stellar
mass of our MLLINERs (6.58 x 10'° M) corresponds perfectly
to this region, while for most LLINERSs their stellar masses are
already higher and correspond to lower values of the relative growth
rate (lower LSF). This explains why MLLINERs having in average
lower stellar masses in comparison to LLINERs, have higher LSF.

In addition, we studied the stellar mass distributions of
MLLINERs and LLINERs for the three morphological groups.
Table 9 shows the median stellar masses for different morphologi-
cal types. As can be seen, of three morphological types the highest
difference was obtained for early-type galaxies. These galaxies rep-
resent a significant fraction of MLLINERs (40 per cent, see Fig. 8)
and their median mass corresponds exactly to the highest relative
growth rate of stellar populations (according to Pérez et al. 2013),
which then could explain their high SFR values. This is not the case
for early-type LLINERs that are characterized by higher stellar
masses (lower growth rates) and lower SFRs.

5.1.2 Extinction

We found that our MLLINERSs can be hosted by galaxies with a
wide range of extinctions. When using the Av measurements based

MNRAS 462, 2878-2903 (2016)
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Figure 7. Top: distribution of Av in magnitudes of MLLINERs measured
from emission lines. Bottom: distributions of SDSS fibre Av in magnitudes
measured through emission lines of: MLLINERS (filled blue histogram), the
entire population of LLINERS (solid black lines), and Ho (1997) sample of
nearby LINERs (red dashed lines).

on the He and HB emission lines, we find that most of them reside in
galaxies with high extinctions. The median Av is 1.65 mag, covering
the range 0.49-3.46 mag (see Fig. 7, top plot). For comparison, the
bottom plot in Fig. 7 shows the Av distributions of LLINERs and
MLLINERs when taking into account the SDSS MPA-JHU DR7
3 arcsec fibre measurements, where we measured Av in the same
way as explained in Section 4.3, through Ho and Hp lines. Both
samples cover similar range of extinctions, having the majority of
galaxies with higher values of Av > 1.0. These values are higher
than the extinctions of the nearby and low-luminosity LINERs in
Ho (1997), with median value of Av = 0.97. 54 and 78 per cent

MNRAS 462, 2878-2903 (2016)

of all nearby LINERs in Ho (1997) have Av parameter < 1.0 and
< 1.5, respectively. These comparisons between the two samples
of LINERSs are consistent with the general finding that the typical
extinction increases with SFR (e.g. Kauffmann et al. 2003c).

5.1.3 Morphology

The MLLINERS studied in this work are hosted by galaxies with
all morphologies, as shown in Table 1 (see Section 3.1 for classifi-
cation details). Fig. 8 shows comparisons between our MLLINERs
(top plot) and LLINERSs (bottom plot). While the differences per
morphological type between MLLINERs and LLINERSs are not
significant (~10 per cent at most), by selecting MLLINERs we are
selecting more E in comparison to S types.

To compare our results with the sample by Tommasin et al. (2012)
at z ~ 0.3, we obtained the visual morphological classification in
a completely consistent way as in our case, using the same clas-
sifiers and the same morphological types. We used Hubble Space
Telescope/ ACS images from the COSMOS!? survey (Scoville et al.
2007), but we previously worsen their resolution to map the same
physical size of ~2 kpc as in the case of SDSS images, and to have
therefore comparable classifications. The fractions of E, S, P and
unclassified galaxies can be seen in Fig. 8 for FIR detected sample
(top plot) and the entire optically selected sample (bottom). When
comparing z ~ 0.3 and our samples, it seems that the fraction of
galaxies classified as peculiar is similar at both redshifts and in both
plots. On the other hand, we find higher fraction (~ 20 per cent) of
early-type galaxies in our samples and of spiral galaxies in Tom-
masin et al. (2012). To confirm if the observed differences are
significant, we need better statistics. Incompleteness of the sample
at z ~ 0.3, plus the selection effects could be responsible for the
observed differences. The most luminous Tommasin et al. (2012)
galaxies were selected in the FIR using Herschel data, while our
MLLINERS selection was carried out in optical. This could be the
reason for the differences observed in the top plot of Fig. 8. If we
check the morphological classification of our MLLINERSs with the
available FIR data (Table 2), we also observe that most sources
are later types (68 per cent), classified either as S or peculiar. The
sample is again too small for providing any reliable conclusions.
On the other side, spectroscopic classification methods applied on
the entire Tommasin et al. (2012) sample also differs from ours,
and were based on Nu-BPT and/or Su-BPT diagrams, while we
used N -BPT and O 1-BPT diagrams (see Section 2). Moreover, the
apertures used in our and in Tommasin et al. (2012) samples cover
different physical sizes of the observed galaxies.

Different criteria were used in Ho (2008) and this work to classify
galaxies morphologically. While we are dealing with low-resolution
data (and therefore only a rough classification in three morphology
groups, E, S and P, is made), Ho’s sample of nearby LINERSs pro-
vides very detailed information on morphological structures. There-
fore, since we are not dealing with samples classified in a consistent
way, we are not able to provide any direct comparison with Ho’s
sample. In general, we would like to stress that our MLLINERs
show higher fractions of later types in comparison to nearby LIN-
ERs. Moreover, a significant fraction (~25 per cent) of MLLINERSs
are hosted by peculiar systems, showing unusual structures and
clear signs of interactions, at both low and higher redshifts, which
is again in contrast with the morphology of nearby LINERs.

12 http://cosmos.astro.caltech.edu/
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Figure 8. Top: fraction of MLLINERs per morphological type (red filled
circles) in our sample and in the Tommasin et al. (2012) FIR Herschel
sample (blue filled circles). Bottom: entire LLINER sample and the entire
Tommasin et al. (2012) optically selected sample (blue filled circles). E, S,
P, and Unclass stand for Ell/S0, spiral, peculiar, and unclassified galaxies,
respectively (see Section 3.1).
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5.1.4 SFRs

In this work we use three different measurements of SFRs (see Sec-
tion 4.6), two based on optical data (spectral fitting and Dn4000
index) and one on FIR (Herschel and IRAS). The average nuclear
SFRs measured with sTARLIGHT and Dn4000 index is ~3 [M¢) yr~ 1,
which is significantly smaller than the SFR inferred from FIR obser-
vations with an average of ~13 [M¢p yr*1 ]. Most of the difference
must be due to the fact that the nuclear region, in all sources, is
considerably smaller than the size of the galaxy. If we scale the
optical measurements of SFRs to the entire galaxy, assuming that
the sSFR is constant (see Section 4.6), the difference between the
optical and FIR methods becomes smaller: the average SFRs in this
case are ~9 [M yr~'] and ~11 [M yr~'] when using STARLIGHT
best-fitting models and Dn4000 index, respectively.

Fig. 9 shows the comparison between SFRs obtained through
different methods. With two different and independent methods
based on optical data (spectral fitting and strength of 4000 A Balmer
break), we obtained consistent measurements of SFR, as can be seen
on the top plot. As explained in Section 4.6, we used simulations
from Brinchmann et al. (2004) to extract the mode sSFR for our
nuclear measurements of Dn4000. This could be a source of several
uncertainties. First, we are using just the mode values while for
each Dn4000 the range of possibilities is much wider. In addition,
Dn4000 measurements are based on nuclear spectra in this work
while the authors used the information from SDSS aperture which
is larger (see Table 1 and Section 3). Finally, in this work we are
dealing with MLLINERSs while the simulations were done for star-
forming galaxies. Despite all this, we find a good agreement between
STARLIGHT and Dn4000 SFR measurements, with ~90 per cent of
the sample being inside a difference of 1o.

When comparing the FIR estimations with the optical ones, but
scaled to match the entire galaxy, the dispersion is larger, as shown
in Fig. 9 (bottom plot). We found ~50 per cent of the sample with
differences higher than 1o, however we do not see any systematic
trend. Several possibilities can explain the differences. First, as
mentioned above we are dealing with different apertures, not only
when comparing optical and FIR estimations, but for Herschel and
IRAS. Secondly, the scaling assumed here, that the sSRF for the slit
and the entire galaxy is the same, can lead to large uncertainties.
There are other possibilities related to the geometry of the obscuring
dust that affect the optically based method much more than the FIR-
based methods.

Discrepancies based on optical and FIR SFR measurements were
reported in previous works, usually finding smaller optical values in
comparison to FIR (e.g. Rigopoulou et al. 2000; Cardiel et al. 2003;
Wauyts et al. 2011; Tommasin et al. 2012), but the scatter in most
of these works is larger than in our case. In the sample of the most
luminous LINERs at z ~ 0.3 by Tommasin et al. (2012), the Ho
and UV measurements of SFRs are ~30 times smaller than the FIR
measurements. In contrast, the typical FIR SFRs in their sample are
~10 [Mp yr~'], similar to our FIR estimations.

5.1.5 Stellar populations and SFHs

As shown in Section 4.2, the nuclear regions of our MLLINERs
are mainly characterized by intermediate (10% < age [yr] < 10°)
and old (age [yr] > 10°) stellar populations. In ~30 per cent of
the sources, the contribution of both intermediate and old stars
is similar. In ~20 and 45 per cent of MLLINERSs intermediate
and old stellar populations are dominant, respectively. A young
(age [yr] < 10%) stars population is found in the nuclear regions

MNRAS 462, 2878-2903 (2016)
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Figure 9. From top to bottom: comparison between SFRs measured with
different methods: sTARLIGHT and Dn4000 index for nuclear spectra, and
Dn4000 (scaled) and FIR data. FIR data contain information from both
Herschel - PACS (filled circles) and IRAS (open triangles).

of our sources in 43 per cent of MLLINERS, but for most of these
galaxies the young stellar populations represent only < 10 per cent
of all stars. The median age of MLLINERSs is logr = 8.97 [yr],
covering the range logr = 8.17-9.82 [yr]. Our results are consistent
with previous findings for low-luminous AGN (LINERs included)
whose nuclear regions contain intermediate and old stellar popula-
tions (Cid-Fernandes et al. 2004; Gonzélez Delgado et al. 2004).
Most of SF measured in FIR is possibly related to circumnuclear re-
gions of MLLINERS, due to high stellar masses and/or young stars,

MNRAS 462, 2878-2903 (2016)

since with our nuclear spectra in average we only cover ~30 per cent
of the total stellar mass.

As mentioned in Section 4.1, the Dn4000 and Hé indices can be
used as indicators of the SFH. The location of galaxies in the Dn4000
versus H§ diagram has been shown to be a powerful diagnostic of
whether they have been forming stars continuously or in bursts over
the past 1-2 Gyr. Galaxies with continuous SFHs occupy a narrow
strip in this plane (see Fig. 3). Following Kauffmann et al. (2003a)
models (Fig. 3), 12 MLLINERs (F12, F17, F21, F23, F24, B02,
B15, B16, B17, B18, B19, and B23) might have experienced a
burst of SF over more than 0.1 Gyr ago (green circles). One source
(B13) possibly experienced a burst of SF over less than 0.1 Gyr
ago (yellow circle). The other 17 sources (F02, FO3, F06, F09, F14,
F15,F20,F22,B01, B04, B05, B06, B08, B10,B11, and B14) could
suffer both, burst and continuous SF (red circles). FO4 has Fyy = 0
(orange circle), and one can say with high confidence that this galaxy
did not form a significant fraction of its stellar population in a burst
over a past 2 Gyr. Finally, five MLLINERs (FO1, F16, F19, B07,
and B12) lie outside the range covered by models (violet circles).

5.2 AGN and SF luminosities of MLLINERs

The connection between LSF and LAGN was studied in many pre-
vious works, at different redshifts and for different samples of AGN,
leading to somewhat inconsistent results (e.g. Netzer 2009, 2016;
Lutz et al. 2012; Page et al. 2012; Rovilos et al. 2012; Santini et al.
2012; Azadi et al. 2015; Barger et al. 2015, and references therein).
Such relationships have been studied for AGN-dominated sources
(LAGN > LSF), SF dominated sources (LSF > LAGN) and the
entire population. Some of the suggested correlations are clearly re-
lated to the sample selection (e.g. FIR or X-rays) and averaging (e.g.
stacking) methods. In this section, we study the relationship at low
redshift for our samples of MLLINERs and LLINERs. Fig. 10 shows
LSF versus LAGN for our two samples, where MLLINERS are rep-
resented with coloured filled circles and LLINERs with black dots.
For MLLINERs, LAGN and LSF were measured as explained in
previous sections. In the case of LLINERSs, we used the SDSS/DR7
data and applied the HB and O m+O1 methods to obtain LAGN,
and the scaled Dn4000 method to obtain LSF. We note that in this
case, some of the measured Dn4000 indices are very large (1.7 or
larger) and hence cannot be used to obtained reliable SFRs (Kauft-
mann et al. 2003a). We estimate this threshold to be equivalent to
~logLSF =429 erg s! (about 0.2 My yr™").

Fig. 10 shows that MLLINERs tend to lie on the one-to-one
LSF-LAGN relation (indicated on the diagram with a dashed line).
About 90 per cent of all MLLINERS have values of LSF and LAGN
in the range 10%-10% erg s~!. For comparison, we plotted also the
line indicating the location of AGN-dominated galaxies from Net-
zer (2009, dotted line) which, by definition, are located below the
one-to-one line. Our MLLINERS are located clearly above this line,
and remain closer to the one-to-one relationship. On the other side,
LLINERs are located below the one-to-one LSF-LLAGN line, show-
ing a wide range of LSF for the same LAGN. We suggest that this is
again related to the stellar mass differences between MLLINER and
LLINER samples discussed in Section 5.1.1. Although having the
same LAGN, LLINERs with stellar masses higher than the critical
one (of 67 x 10'" M) seem to have already lower relative growth
rates of stellar populations, and therefore lower LSF. As shown in
Pérez et al. (2013), the differences in the growth rate can be even
50-100 per cent, which could explain significant differences in LSF
between LLINERs and MLLINERsS for the same LAGN.
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Figure 10. The relationship between the AGN and SF luminosities of the
most luminous local LINERs. LSF was measured in three different ways:
with Herschel/PACS FIR data (big green filled circles), /RAS data (big dark
blue filled circles), and through Dn4000 index (big red filled circles). For
comparison, we plot the entire sample of LLINERs (small black dots), and
Tommasin et al. (2012) sample of the most luminous LINERs at z ~ 0.3
(black crosses). The blue dashed box shows the area where the nearby
LINERs from Ho et al. (1997) are located. The dashed line shows the
one-to-one LAGN-LSF relation, while the dotted line shows the empirical
relationship for AGN-dominated sources from Netzer (2009). The horizontal
dashed—dot—dashed line shows the limit below which we do not trust LSF
(at about 8 x 10*2 =0.2 Mo yrh.

We compared our results with those for the most-luminous LIN-
ERs at z ~ 0.3 using again the sample of Tommasin et al. (2012).
We used their measurements of LAGN and LSF, where LAGN
were derived from the HB and O[m] A5007 methods and LSF
from Herschel observations. In general, the location of MLLINERs
at z ~ 0.04-0.11 and at z ~ 0.3 are very similar. Tommasin et al.
(2012) compared their results with nearby LINERs from Ho (1997),
finding that the later are characterized by considerably lower LAGN
and LSF. In Fig. 10, we marked the region that corresponds to the
location of nearby LINERs (blue dashed box). As can be seen, al-
though both AGN and SF luminosities show lower values, in this
case the dispersion from one-to-one relation is much larger. While
some sources are distributed around the one-to-one relation the oth-
ers lie more around the AGN-dominated line. Note also that for low
LAGN (~10* erg s7!) the difference between the one-to-one and
AGN-dominated relations becomes less significant (Netzer 2009).

In order to explain the differences between nearby and z ~ 0.3
LINERs, Tommasin et al. (2012) pointed out several possibilities.
First, the aperture difference, which is much smaller in the case
of the Ho’s sample, where only the very central regions of the
galaxies are included. Secondly, the FIR selection of the z ~ 0.3
sample in comparison to the Ho’s LINERs, enforces higher values
of LSF. Thirdly, they argue that LINERs with such high LSF could
be present in the local universe, but have not been studied yet
systematically. Finally, Tommasin et al. (2012) suggested that there
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Figure 11. The relationship between AGN and SF luminosities for all
luminous LINERs, divided in three different LAGN bins (black, green, and
blue crosses). The average values of LSF and LAGN per bin are represented
with black filled circles. For comparison, we show the average values of
Stanley et al. (2015) for X-ray detected AGN in their first redshift bin of
z ~ 0.4 (red diamonds) and the average of the entire sample of Tommasin
etal. (2012) at z ~ 0.3 (blue triangles).

might be a real evolution in AGN and SF luminosities between
z ~ 0 and ~ 0.3. With our work, we can provide more information
about some of the questions made by Tommasin et al. (2012). We
can confirm the existence of LINERs in the local universe with the
same SF and AGN properties as at z ~ 0.3, discarding therefore the
pure evolutionary scenario.

Recently, Stanley et al. (2015) studied the relationship be-
tween LSF and LAGN for a sample of ~2000 X-ray detected
(102 < Ly giev < 10%3 erg s7!) AGN at redshifts z = 0.2-2.5.
They divided all galaxies in four redshift ranges, and for each red-
shift range they measured the average LSF and LAGN in bins of 40
galaxies. LSF was measured using FIR data, and was based mostly
on Herschel upper limits (which is why they could only discuss
mean LSF). LAGN is based on X-ray 2-8 keV measurements. They
found that the relationship between the average LSF and LAGN
is mainly flat, independently of redshift and AGN luminosity. To
test the flatness of the observed relationship, the authors tested their
results with two empirical models (Aird et al. 2013; Hickox et al.
2014) that predict (LSF) as a function of LAGN. They suggested
that the flat relationship is due to short-time-scale variations in
LAGN caused by changes in mass accretion rate on to the BH.
These variations are shorter than those related to SF, and therefore
for a given value of mean LSF, AGN luminosity can take different
values and flatten the correlation.

Here, we are able to test, for the first time, Stanley et al.
(2015) results for LINERs. We used the entire sample of LLINERs
(MLLINERS included), dividing it in three LAGN bins (with 43
galaxies in the first bin and 44 in the other two bins) and mea-
sured mean LAGN and LSF in each bin. Fig. 11 shows all sources
with crosses, while the mean LAGN and LSF values in the three
LAGN bins are marked with filled black circles. For comparison, we
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plotted Stanley et al. (2015) averaged values for their first redshift
bin at z ~ 0.4 (red diamonds). We also show the results for the
LINERs in Tommasin et al. (2012). Only 34 out of the 97 objects
in the Tommasin sample have measured (Herschel) SFRs. Since
we are comparing averaged properties, we assume that all other
LINERs in that sample have LSF = 0. This would mean that the
numbers we use are somewhat smaller than the actual mean LSF.

Our results considering LLINERs are in general agreement with
the Stanley et al. (2015) results. However, we do not have to rely on
mean properties and can look at the entire LSF distribution in each
bin of LAGN. The measured range in LSF is large, about 1.5 dex,
similar to the overall range in LAGN. Obviously, using mean values
will tend to emphasize the larger number of low SFR sources in each
bin. However, the sources with the highest LSF in each LAGN bin
certainly have different properties than the ones with the lowest
LSF, as discussed in the following section.

5.3 MLLINERs and the MS of star-forming galaxies

Star-forming galaxies show a tight and well-defined relationship
called the ‘MS’ between SFR and stellar mass. This relationship de-
pends on redshift and has been studied at different cosmic time (e.g.
Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske
et al. 2007; Gonzdlez et al. 2010; Whitaker et al. 2012; Guo, Zheng
& Fu2013; Leslie et al. 2016, and references therein). Fig. 12 shows
all the objects studied in this work on the SFR-M,, diagram. For the
SFRs we used exactly the same data as in Fig. 10. For the stellar mass
we used the mass of the entire galaxy, recovered from the MPA-JHU
DR7 catalogue. For the MS, we used the fit obtained by Whitaker
etal. (2012), whose SFRs are also based on Kroupa IMF. We plotted
the MS (solid line) for z = 0.07, which is the average value in our
sample. For the width of the MS we used £ 0.3 dex (dashed lines),
found in many previous works to be the typical 1o boundaries (e.g.
Elbaz etal. 2007; Rodighiero et al. 2010; Whitaker et al. 2012, 2014;
Shimizu et al. 2015). More than 90 per cent of our MLLINERs lie
along the MS of star-forming galaxies (within the dashed lines).

Once again our MLLINERs at z = 0.04-0.11 show the same
properties as the most luminous LINERs at z ~ 0.3 (black crosses
in Fig. 12) in Tommasin et al. (2012). At both redshifts, the most
luminous LINERs represent ~1/3 of all LLINER. Most remaining
2/3 of LLINERS lie below the MS (black dots), having lower SFRs
for masses typical of MLLINERS or even higher. Considering mor-
phological types, we found that the different types are located on
the MS. This sample seems to be different from the general galaxy
population where later types are mainly located on the MS, while
earlier types lie below it (e.g. Gonzélez Delgado et al. 2016, and
references therein).

Recently, Leslie et al. (2016) studied the SFR—stellar mass plane
for different types of low-redshift galaxies from the SDSS survey.
They classified all galaxies into SF, composite, Sy2, LINERs,'* and
ambiguous, using the emission-line ratios from MPA-JHU DR7 cat-
alogues. 6.5 per cent of the sources studied in this work are LINERs.
We assumed this sample (of 13 176 galaxies) to be representative of
LINERs at low redshifts and plot in Fig. 12 a dotted box represent-
ing >60 per cent of the sources in Leslie et al. (2016). The average
stellar masses and SFRs they found are (log(M,)) = 10.74 and
(log(SFR)) = —0.79, respectively. These values are smaller than
for our MLLINERs, (log(M.)) = 10.82 and (log(SFR)) = 0.86,

13 Note that this work does not take into account the separation of LINERs
into systems excited by AGN and by pAGB stars.
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Figure 12. The relationship between SFR and total stellar mass. SFRs were
measured in three different ways: with Herschel/PACS FIR data (big green
filled circles), IRAS data (big dark blue filled circles), and through Dn4000
index (big red filled circles). The solid black line shows the Whitaker et al.
(2012) fit for the MS, and the dashed lines its typical width (see the text).
The entire sample of luminous LINERs (small black dots), and Tommasin
etal. (2012) sample of the most luminous LINERs at z ~ 0.3 (black crosses)
are shown for comparison. The dotted area is reproduced from Leslie et al.
(2016) and represents the typical location of 60 per cent of all LINERs at low
redshifts. Depending on their AGN luminosity, MLLINERs and LLINERs
are represented with symbols of different sizes (see Section 5.3.1).

respectively. This is not surprising given that our MLLINERs were
selected according to both LAGN and LSE.

5.3.1 Relation between the fraction of star-forming galaxies and
AGN luminosity

The more important issue of the location of LINERs in the SFR
versus M, plane as a function of LAGN, as found here, was not
considered by Leslie et al. (2016). To illustrate this, we consider the
properties of all SDSS/DR7 LINERs in the redshift range 0.04-0.11.
We measured LAGN as described above and used the scaled Dn4000
method to estimate LSF. We then estimated their fraction on the MS
using different bins of LAGN, where the MS is defined exactly as in
Fig. 12. The fraction of z = 0.04—1.11 LINERs located on the MS is
2,3, 11,and 37 per cent in the bins of logLAGN = 43-43.5,43.5-44,
44-44.5, 44.5-45, respectively. Thus, we can safely conclude that
the fraction of star-forming galaxies among low-redshift LINERs is
LAGN-dependent. While studies like those of Leslie et al. (2016)
are not available at higher redshifts, it seems that for the most
luminous LINERSs, this difference from the rest of the population
extends at least to z = 0.3.

SUMMARY AND CONCLUSIONS

In this work, we analyse the properties of the 42 most-luminous LIN-
ERs (in terms of AGN and SF luminosities) at z = 0.04-0.11 from
the entire SDSS DR4 survey. We obtained long-slit spectroscopy
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of the nuclear regions for all sources, and FIR data (Herschel and
IRAS) for 30 per cent of the sample. We carried out spectral fitting
using the STARLIGHT code and templates from Bruzual & Charlot
(2003), testing 25 ages and solar metallicity. From the best-fitting
models, we obtained the emission spectra, stellar masses, SFRs,
stellar populations, and ages. We used the spectra to measure the
emission lines, extinction, and extinction corrected luminosities.
We also measured the Dn4000 and Hé indices. The AGN luminosi-
ties were measured through extinction-corrected emission lines, and
SFRs using different indicators (both optical and FIR).

Previous works characterized the population of local LINERs
as: hosted by old and massive early-type galaxies, with low ex-
tinctions, massive black holes, old stellar populations and little SF
(Ho, Filippenko & Sargent 1997, 2008; Heckman & Best 2014).
In contrast, our most-luminous LINERs are hosted by both early
and late types. Moreover, ~25 per cent of sources are peculiar
systems, with clear signs of substructures and interactions or merg-
ers. We found higher values of extinction than typical for most
low-redshift LINERs. The nuclear regions mainly consist of inter-
mediate (10° < age [yr] < 10%) and old (age [yr] > 10°) stellar
populations, while young stars are present only in 43 per cent of
sources, similar to what has been found for nearby LINERs (Cid-
Fernandes et al. 2004). The median SFRs are ~10 [M yr~!'], much
higher than those for most local LINERs. However, it is interesting
that they do not have the highest stellar masses, and in general show
lower masses than other luminous LINERs. We found that the me-
dian stellar mass of our most-luminous LINERs corresponds to the
mass of 6-7 x 10'° M measured in different works to be critical
for the peak of relative growth rates of stellar populations (highest
SFRs and LSF). Other LINERs although showing the same AGN
luminosities, show lower SF luminosities.

LINERs with these kind of properties were previously studied
only at z ~ 0.3 (Tommasin et al. 2012). With our work, we confirmed
the existence of such LINERSs also at low redshifts (z ~ 0.07). They
show the same properties in terms of stellar mass, SFRs, and AGN
luminosity at both redshifts. Our most luminous LINERs tend to
lie along the LAGN = LSF line hinting for co-evolution of the two
properties. In addition, most of them are found on the MS of star-
forming galaxies, with stellar masses > 10'° M. Finally, using the
entire DR7 sample, we present evidence that the fraction of LINERs
on the MS depends on their AGN luminosity.
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APPENDIX: STARLIGHT FITS AND EMISSION
SPECTRA

In this section, we show the flux calibrated nuclear spectra (blue
lines), sTARLIGHT fits (red lines), and the emission spectra (black
lines) of all analysed LINERs. The emission spectra were obtained
after subtracting the best model found by STARLIGHT from the flux
calibrated spectra.
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Figure A2. Same as Fig. A1, but showing the spectra of (from top to bottom, and from left to right): F15, F16, F17, F19, F20, F21, F22, F23, F24 and BO1

LINERs.
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Figure A3. Same as Fig. A1, but showing the spectra of (from top to bottom, and from left to right): B02, B0O3, B04, B05, B06, B07, B08, B09, B10, and B11

LINER
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Figure A4. Same as Fig. A1, but showing the spectra of (from top to bottom, and from left to right): B12, B13, B14, B15, B16, B17, B18, B19, B20, and B21

LINERs.
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Figure AS. Same as Fig. A1, but showing the spectra of (from top to bottom, and from left to right): B22 and B23 LINERs.
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