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ABSTRACT

We present new Gemini imaging and spectroscopic data of the system Arp 314, which consists
of a triplet of interacting galaxies. This new imagery exhibits tidal tails and stellar bridges
between the galaxies’ members and confirms the past interactions. Using this data set, we
have analysed the physical properties of 22 star-forming regions located in the main disc
of these galaxies, as well as in the intergalactic medium. All these regions have emission
lines typical of young ages and a couple of them display very high Ho luminosities (Ly, ~
10% erg s~!). Using the star-forming regions located in Arp 314-1, we derive its gas-phase
oxygen-abundance distribution, which suggests a flatter behaviour than the distribution shown
by non-interacting systems. This is in agreement with results obtained for other interacting
systems and simulations. The presence of gas flows, as indicated by its complex kinematics,
could explain this finding. Most of the star formation in Arp 314-2 is located in a central
starburst, where double He profiles can be identified, as shown by archival Fabry—Perot data.
Additionally, we found that the irregular galaxy Arp 314-3 has a low oxygen abundance.
Considering its luminosity, this object has a primordial origin, and it was not formed during
the interaction event that this system has experienced.

Key words: galaxies:  abundances-—galaxies:  interactions—intergalactic =~ medium-—

galaxies:star clusters: general — galaxies: star formation.

latter effect is very limited, from a statistical point of view (Larson,

1 INTRODUCTION Tinsley & Caldwell 1980; Ellison et al. 2013, Barrera-Ballesteros

Small groups of interacting galaxies are prime environments at z
~ 0 to study galaxy evolution, mainly due to their low velocity
dispersions (o ~ 200kms~') and low-galaxy—galaxy separation
(typically of the same order of the galaxy diameter), which fa-
cilitates interaction and merging of the galaxy members. Given
the strong gravitational encounters that may take place in these
small interacting groups (triplets, compact groups, and multiplets,
in general), one can expect substantial galaxy transformation to
happen. Galaxy interactions in dense environments, such as those
described above, could trigger nuclear activity, gas flows, metal
mixing, formation of new objects and star formation (e.g. Ellison
et al. 2008; Ellison et al. 2010; Scudder et al. 2012). However, this
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et al. 2015; Knapen, Cisternas & Querejeta 2015), which is in
agreement with the results derived from simulations (Di Matteo
et al. 2007, 2008; Moreno et al. 2015). Moreover, galaxy groups
can also play an important role in the pre-processing of galaxies,
i.e. galaxies should quench their star formation in groups prior to
the infall into the cluster environment (e.g. Zabludoft & Mulchaey
1998; Fujita 2004).

Detailed studies of individual galaxies in small groups can deliver
important information regarding the influence of the environment
on their physical properties (star formation, nuclear activity, metal-
licity, etc.). A natural way to carry out these studies is the use
of multiobject spectroscopic data. In addition, kinematic data are
extremely useful to search for gas inflows and outflows (e.g. Rupke,
Veilleux & Sanders 2005; Arribas et al. 2014), which can be
associated with metal mixing and nuclear activity. In this sense, a

Published by Oxford University Press on behalf of the Royal Astronomical Society

€20z AInr £0 uo Jasn SUND Ad 861 11.85/58/2/2/¥61/oI01He/SEIUW/WOD dNno"OlWwapede//:SdlY Wwoly papeojumoq


http://orcid.org/0000-0002-7005-8983
mailto:storres@dfuls.cl

2786 8. Torres-Flores et al.

complementary analysis between the physical and kinematical prop-
erties of interacting galaxies is a powerful approach to understand
these systems and to determine the influence of the environment
in the galaxy evolution, specially in the understanding of metal
distributions. This motivated us to perform a complete study of
the spectacular interacting galaxy group Arp 314, by using optical
spectroscopic information and high-resolution kinematic Fabry—
Perot data.

The system Arp 314, at a distance of 51.1 £ 3.6Mpc
(Hy = 73.0kmsec™ Mpc™!'; Mould et al. 2000), was classified
for the first time by Arp (1966) and it consists of two late-type
spiral galaxies (Arp 314-1 and Arp 314-2) and one irregular galaxy
(Arp 314-3). The median galaxy separation of this triplet is ~23 kpc
(considering a scale of 14.85kpc arcmin~!, NED data base). The
neutral gas distribution and content of this system was studied by
Nordgren et al. (1997), who found a large H1 cloud that covers
all members. Torres-Flores et al. (2014b) studied the kinematics of
the three main galaxies of Arp 314, by using Ha Fabry—Perot data
cubes. These authors found perturbed velocity fields for members
Arp 314-1 and Arp 314-2, which translated into perturbed rotation
curves. Although the dwarf galaxy Arp 314-3 is also perturbed,
it displays a clear velocity gradient. Arp 314 is therefore an ideal
target to investigate environmental effects in galaxies.

This paper is organized as follows. In Sections 2 and 3, we present
the data and data analysis. In Section 4, we present the results. In
Section 5. we discuss our results, and in Section 6, we summarize
our results.

2 DATA

2.1 Imaging and spectroscopy

We have obtained u’-, g’-, and r’-band imaging and multislit
spectroscopic data of Arp 314 by using the Gemini MultiObject
Spectrograph (GMOS; Hook et al. 2004) at the Gemini South
Observatory, under the programme GS-2013B-Q-27 (PI: S. T-F).

We observed five, four, and three exposures of 300 s each in the
filters u’, g’, and r’, respectively. This allowed the derivation of a
false colour image of the main galaxies of this system, as shown
in the top panel of Fig. 1. In this image, it is possible to observe
the faint stellar structures visible in the intergalactic medium of this
system, which mainly corresponds to tidal structures.

In order to design the GMOS spectroscopic mask, we used
the false colour image shown in Fig. 1 to select the bluest star-
forming regions located across the field, mainly in the disc and tidal
structures of our targets. These sources were selected by having
optical colours between (-0.3 < g’-r < 1.2) and (-0.3 < u'—g <
1.5), which provide us a useful sample of star-forming regions. We
note that this selection criteria has been defined based on our goal
of detecting young objects in general and emission-line sources
in particular. We observe four exposures of 1370 s each, using the
grating R400. Observations were centered at 605, 595, 605, and
600nm, with a slit width of 1.0arcsec (given that most of our
sources are point-like objects). The different central wavelengths
were used to remove the gaps in the CCDs. The heights of the slits
were changed depending on the source size, and also maximizing
the number of objects in the mask design. The position angle of
the observations was 135° for Arp 314. In Table 1, we list the
coordinates of the slits located in the system Arp 314.

The use of the grating R400 allowed us to observe the main
nebular emission lines necessary to determine oxygen abundances
(e.g. Marino et al. 2013). The spectral coverage included Hp,
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[0111] 4959 A, [O1m] 5007 A, [N11] 6548 A, Her, and [N11] 6584 A
emission lines for all observed sources. Depending on the position
of the mask, for some regions it was also possible to observe H y .
CuAr arc lamps were observed after each science observation. Data
reduction was performed using the GEMINI reduction package, in
IRAF. Having in hand a suitable set of bias and flat fields, each
frame was then corrected using the IRAF tasks GBIAS, GFLAT, and
GSREDUCE. Wavelength calibrations were done using the GSWAVE-
LENGHT task. Continuum and sky emission lines were removed with
the GSSKYSUB task. Finally, flux calibration was done by using the
observations of the standard star LTT3218.

2.2 Fabry-Perot data

Gas flows have often been invoked as a mechanism to produce
a flattening in the metallicity distribution of galaxies, mainly due
to metal mixing during galaxy collisions (e.g. Rupke, Kewley &
Barnes 2010a). In Section 4.2, we use Ha Fabry—Perot data of Arp
314 to search for gas flows in this system. The goal is to combine
these results with those derived from the oxygen-abundance analysis
(described in Section 4.1), in order to investigate if there is a
correspondence between gas flows and flat metallicity distribution
for this specific system. Fabry—Perot data of Arp 314 covering the
three members of Arp 314, with a spectral resolution of R = 12 600,
were published in Torres-Flores et al. (2014b).

2.3 Complementary data

In order to complement the analysis presented in this paper, we have
searched for mid-infrared data of the main galaxies of Arp 314. We
searched for data in the Wide-Field Infrared Survey Explorer (WISE;
Wright et al. 2010) archive and in Table 2, we list the different
magnitudes for each galaxy. The values listed in Table 2 correspond
to the wxgmag value listed in the all-sky release source catalogue and
these fluxes have been measured in elliptical apertures considering
previous 2MASS detections. In the case of the wxgmag values, the x
corresponds to the different filters available in WISE (W1, W2, W3,
and W4). We note that we do not find WISE magnitudes for Arp
314-3. In addition, we have searched for ultraviolet (UV) GALEX
data for Arp 314. The UV/GALEX data can trace star formation
up to 200 Myr, in comparison with the optical nebular emission
associated with Ho, which traces current star formation. Arp 314
has been observed by this satellite and the general properties of its
galaxies have been published by Mufioz-Mateos et al. (2007) and
Gil de Paz et al. (2007).

3 ANALYSIS

In this section, we describe the analysis that we have performed
on the Gemini/GMOS spectroscopic and ESO/3.60m Fabry—Perot
data of Arp 314.

3.1 Extinctions and flux measurements

Spectra of star-forming sources have been corrected by Galactic
and internal extinctions. We applied the Galactic extinction law
suggested by Fitzpatrick (1999), assuming a colour excess of E(B-
V) =0.06 (NED data base). The internal extinction has been derived
by comparing the observed and intrinsic Balmer line ratios between
Ho and HB. The observed fluxes of the He and HB emission lines
were estimated with the routine PAN, in IDL, which allows us to
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Figure 1. Top panel: r’-band high-contrast image of Arp 314. Tidal structures can be identified on this image. Overplotted, -, g’- , and r’-band Gemini/GMOS
false colour images of Arp 314-1 and Arp 314-2 are shown, in order to highlight the star-forming regions. Bottom left-hand panel to bottom right-hand panel:
Arp 314-1, Arp 314-2, and Arp 314-3 r’-band images. Regions with spectroscopic data are labelled (see Table 1 for coordinates). The r’-band image has a
depth of 23.7 [mag arcsec 2], which corresponds to the 3- limit in a 10 x 10 arcsec? box.
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Table 1. Positions, radial velocities, and internal extinctions for sources in
Arp 314.

ID RA Dec. E(B-V)! Velocity?
(J2000) (J2000) (mag) (kms™1)
)] 2) (3) 4) (%)
1 22:58:06.898  —3:49:07.46 0.00 3926 + 95
3 22:58:07.594  —3:48:46.31 0.15 3835 + 186
20 22:58:05.926  —3:48:32.65 0.00 3649 + 185
21 22:58:05.798  —3:48:17.89 0.31 3686 + 42
22 22:58:07.325  —3:48:37.35 0.06 3845 + 29
23 22:58:06.499  —3:48:19.81 0.63 3788
24 22:58:07.423  —3:48:28.55 0.08 3785 + 219
26 22:58:07.030  —3:48:20.90 0.18 3798
33 22:58:01.630  —3:46:22.69 0.22 3699
34 22:58:02.280  —3:46:23.29 0.63 3767
38 22:58:01.411 —3:46:08.63 0.32 3645 + 25
42 22:58:02.261 —3:46:09.57 3685 + 69
43 22:58:04.162  —3:46:36.80 0.00 3664 + 124
44 22:58:03.043  —3:46:19.21 0.04 3579 + 192
46 22:58:01.618  —3:45:57.13 0.05 3787 + 72
47 22:58:02.794  —3:46:11.97 0.19 3606 + 71
48 22:58:02.597  —3:45:55.13 0.12 3518 + 73
56 22:58:01.546  —3:45:53.28 0.09 3735 + 321
58 22:58:01.608  —3:45:41.10 0.09 3721 + 58
28_1 22:58:07.147  —3:47:12.27 0.14 3525 + 46
28_2 22:58:07.874  —3:47:18.62 0.22 3541
28_4 22:58:07.968  —3:47:19.67 0.12 3561

IColour excess of the stellar continuum for each source. These values were
estimated following Calzetti et al. (2000). See Section 3.1 for details.?Radial
velocities measured by using the task EMSAO, in IRAF. See Section 3.1 for
details.

Table 2. WISE information for galaxies in Arp 314.

ID 3.4 um 4.6 um 12 um 22 pm

(mag) (mag) (mag) (mag)
Y] 2) (3) 4) (5)
Arp 314-1 10.27 £0.01 10.07 £0.01 5.09£0.01 3.37 £0.01
Arp 314-2 10.75 £0.01 10.58 £0.01 6.96+0.01 4.23 £0.03
Arp 314-3 - - - -

fit a single Gaussian on each observed emission-line profile. For
the intrinsic Balmer decrement, we assume a value of He/HB =
2.86, for a electronic temperature of 7= 10000 K and an electron
density of N, = 100 cm™3 (Osterbrock 1989). This analysis allows
us to obtain a gaseous colour excess E(B-V) following Dominguez
et al. (2013), which was converted into the colour excess of the
stellar continuum [Ex(B-V) = 0.44 x E(B-V); Calzetti et al. 2000].
This colour excess [E,(B-V)] was used to correct each spectrum by
internal extinction, by using Calzetti et al. (2000)’s extinction law,
which was adopted taking into account the star-forming nature of
our sources. As an example of the spectroscopic information, in
the top and bottom panels of Fig. 2, we show the GMOS optical
spectra of two regions belonging to Arp 314-2 and Arp 314-3. On
these panels, we have labelled the most important emission lines
that were identified in these spectra. Moreover, most of the faint
emission lines were not identified in all the spectra available for
Arp 314, as can be seen in the bottom panel of this figure. For these
reasons, our analysis will be based on the strongest emission lines
(i.e. HB, [0m] 4959 A, (O] 5007 A, [N 1] 6548 A, Ho and [N 11]
6584 A).
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Figure 2. Top panel: spectrum of region #28_1, which corresponds to the
brightest Ho source in Arp 314-2. We do not show the entire flux axis, in
order to display faint emission features. Bottom panel: spectrum of the most
intense star-forming region detected in Arp 314-3. The position of the main
emission lines are labelled.
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Figure 3. Observed spectrum of Arp 314-1 (black curve) and fitted stellar
continuum derived from the pPXF analysis (blue curve). The continuum-
free spectrum is also displayed (red curve) and the main emission lines are
labelled.

In the case of the slits located in the centre of Arp 314-1, the strong
stellar continuum emission, which displays absorption features, can
affect the measurement of the emission-line fluxes. In order to
remove the contribution of the stellar continuum, we have used
the penalized pixel-fitting (pPXF) method (Cappellari & Emsellem
2004), which enables us to estimate the stellar continuum emission.
We used the MILES stellar library (Sanchez-Blazquez et al. 2006),
assuming a Salpeter IMF, 10 ages ranging from 0.063 to 17.78 Gyr,
and six metallicities ranging from —1.71 to 0.22. Once the model
was derived, we subtracted it from the observed data, in order to
obtain a continuum-free spectrum, which was used to measure the
line fluxes. The results of this procedure are shown in Fig. 3.

Emission-line fluxes were measured on the extinction-corrected
spectra by using the routine SPLOT from IRAF. This routine allows
us to fit a single Gaussian on each of the main nebular emission
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lines observed in the GMOS data, and also provides uncertainties
for the fluxes measurements, which are computed by Monte Carlo
simulation. At the end, we measure the fluxes for the main emission
lines listed above. Indeed, the physical parameters presented in this
paper have been derived from the fluxes listed in Table 3.

We measured the radial velocity for each star-forming region by
using the task EMSAO, in IRAF. This routine correlates the observed
spectra with a template, which contains information for several
emission lines. In the case of six regions (ID #23, #26, #33, #34,
#28_2, and #28_4), the task EMSAO was not able to determine their
radial velocities automatically. In these specific cases, the radial
velocity was estimated by using the observed wavelength of the Ho
emission line. The task EMSAO does not provide uncertainties in
those cases.

3.2 Star formation rates (SFRs) and stellar masses

The effect of tidal encounters and mergers can trigger star formation
bursts, as found in individual systems like the Antennae galaxies
(e.g. Bastian et al. 2009). However, it is worth to note that any
enhancement in SFR, from a statistical sense, is very limited (Ellison
et al. 2013, and references in Section 1). In order to quantify the
effect of the interaction in the galaxies belonging to Arp 314, we
have estimated the SFRs for the individual regions and for the
galaxies as a whole, by using He fluxes and the standard recipe
given in Kennicutt (1998) [SFR = 7.9 x 107* L(Ha) ergs™'],
under the assumption of a continuous star formation process.

SFRs for Arp 314-2 and Arp 314-3 have been computed using
three different methods. First, from their Ho fluxes (Fabry—Perot) by
using the recipe proposed by Kennicutt (1998). Itis important to note
that the Ho fluxes published by Torres-Flores et al. (2014b) were
not corrected by internal extinction, given that these measurements
come from Ho data cubes (Fabry—Perot). Secondly, using the
WISE data and the calibrations derived for Wen et al. (2014)
and Cluver et al. (2014). WISE magnitudes were converted into
spectral luminosities v L, considering the corresponding distances.
Details about conversion between WISE luminosities (e.g. in-band
and spectral luminosities) can be found in Jarrett et al. (2013) and
Cluver et al. (2014). Thirdly, SFRs were also estimated by using
their GALEX far-ultraviolet (FUV) magnitudes published by Gil de
Paz et al. (2007) and Muioz-Mateos et al. (2007). Magnitudes were
corrected by internal extinctions (Agyy) and converted into SFRs
by using the Apyy values and calibrations given in Mufioz-Mateos
et al. (2007), and considering the distance to each galaxy.

In addition, a number of authors have found that a combination
of Ha and mid-infrared (MIR) luminosities can provide a good
estimation of the total star formation in a galaxy (e. g. Calzetti et al.
2007; Smith et al. 2007). Wen et al. (2014) provide new calibrations
to estimate the total SFRs, by using Hoe and MIR WISE emission.
Then, we have used equation (17) from Wen et al. (2014) to compute
the total SFR for Arp 314-2, where the He emission comes from
the Fabry—Perot data (Torres-Flores et al. 2014b). This estimation
is, nevertheless, not valid for Arp 314-1, given its possible active
galactic nucleus (AGN) nature, and is not feasible for Arp 314-3,
because no WISE magnitudes are available.

One of the major difficulties to estimate stellar masses by using
luminosity is the assumption of a mass-to-light (M/L) ratio . In this
sense, several authors (e.g. Bell & de Jong 2001; Cluver et al.
2014; Meidt et al. 2014) have derived calibrations to estimate
this parameter using different methods and luminosities observed
in different wavelengths. It is well established that optical/near-
infrared luminosities are affected by dust extinction (Cardelli,
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Clayton & Mathis 1989). This fact adds another difficulty to the
estimation of stellar masses, because we need to adopt a dust model
and an extinction law to correct the observations. For this reason,
stellar masses for galaxies can be better estimated by using their
MIR luminosities, given that these wavelengths are less affected
by extinction and they trace the bulk of the stellar emission (e.g.
Cluver et al. 2014; Meidt et al. 2014; Querejeta et al. 2015). In
addition, Meidt et al. (2014) by using the 3.6-um emission of a
sample of nearby galaxies taken from the Spitzer Survey of Stellar
Structure in Galaxies (Mufloz-Mateos et al. 2015) performed precise
calibrations for M/L, finding that the M/L ratio estimated by using
MIR luminosities is less affected by age, star formation history
and metallicity. In our case, and given the current available data,
we have used the WISE W1 fluxes (3.4 um) to estimate the stellar
masses of our targets. In order to derive the masses, we have used
the calibration proposed by Cluver et al. (2014,equation 1), which
involves the use of the colour (W1-W2) and the W1 luminosity.

3.3 Gas-phase oxygen abundances

For all sources observed in Arp 314, except for ID#28_1, it
was not possible to measure the [O111] 4363X line (we detect a
weak contribution of the [O111] 4363 emission line in the region
ID#28_1, see top panel of Fig. 2). For this reason, we have used
the O3N2 method and thus, the prescription given by Marino
et al. (2013) (see also Pettini & Pagel 2004) to determine oxygen
abundances. It is worth noting that the empirical calibration methods
display large uncertainties (~0.2 dex), which are associated with the
proper scatter of the calibrator. Also, the use of different methods
can give us different estimates for the oxygen abundances. However,
when a single calibrator is used for a given sample, we can have a
reliable determination of the metallicity distribution (see Scarano,
Lépine & Marcon-Uchida 201 1; Bresolin, Kennicutt & Ryan-Weber
2012). This is important for this kind of studies, where metallicity
distributions are analysed. In this context, our final measurements
include the uncertainties of 0.2 dex derived from the scatter of the
calibrators, however, the actual uncertainties arises from the flux
estimates.

4 RESULTS

In the following section, we describe the main results of this work,
emphasizing oxygen distributions and kinematical results for Arp
314.

4.1 Gas-phase oxygen abundances

4.1.1 Diluted metallicities in Arp 314

In the case of the star-forming complexes observed in Arp 314-1
and Arp 314-2, we measured oxygen abundances 12-+log(O/H) that
range from 8.24 to 8.49. All these oxygen abundances are sub-solar
[considering a solar oxygen abundance of 12 + log(O/H)g = 8.72;
Allende Prieto, Lambert & Asplund 2001]. Considering the B-band
absolute magnitude of Arp 314-1 and Arp 314-2, which corresponds
to Mp = -20.62 and M = —-20.28, respectively (HyperLeda data
base), we found that both galaxies lie off the B-band metallicity—
luminosity relation studied by Kewley, Geller & Barton (2006), i.e.
these galaxies display lower abundances for their luminosities or
high luminosities for their abundances. However, we note that the
B-band luminosity of these galaxies should be affected by the star
formation episodes that are taking place in these galaxies. In order to
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Table 4. SFRs, stellar masses and specific SFRs.
ID SFRryy SFRHq SFR2 um SFRHq + 22 um log(M.) log(SFRHy + 22um/M,)
Mo yrh) Mo yrh) Mo yrh) Mo yrh)
(1) (2) (3) 4) (5) (6) (7
Arp 314-1 - - - - 9.94 -
Arp 314-2 1.1 1.3 1.9/1.8 2.1 9.81 —9.48
Arp 314-3 - 0.2 - - - -

check it, we have used the stellar mass of these galaxies to determine
their location in the mass—metallicity relation studied by Tremonti
et al. (2004). Using the masses listed in Table 4 (column 6), we
found that Arp 314-1 and Arp 314-2 display slightly lower oxygen
abundances for their respective stellar masses. A similar scenario
has been found in different interacting systems. In fact, Kewley et al.
(2006) suggest that gas inflows dilute the central metallicities of in-
teracting galaxies. More recently, Olave-Rojas et al. (2015) suggest
that this mechanism is producing the observed metallicity gradient
in NGC 6845A, galaxy that belongs to the group NGC 6845.

In the case of Arp 314-3, three of their star-forming regions
display O3N2 values larger than the valid limits given by Marino
et al. (2013). This implies that these regions belonging to Arp 314-
3 have oxygen abundances lower than 12 + log(O/H)s = 8.10. In
addition, we did not find WISE information for this galaxy therefore
its mass was not computed. In view of these results, we cannot
locate this object in the mass—metallicity relation. However, some
speculations can be done regarding its origin. Arp 314-3 displays
a Large Magellanic Cloud (LMC)-like morphology, it could be a
pristine irregular dwarf or a tidal dwarf galaxy (TDG). If Arp 314-
3 was formed from pre-enriched material belonging to Arp314-1
or/and -2, it should show an oxygen abundance similar to these
two galaxies. The oxygen abundance of Arp 314-3 measured with
the O3N2 index indicates a metallicity of 12+log(O/H) = 8.14,
which is lower than that of Arp 314-1 and Arp 314-2, respectively
12+1og(O/H)=8.39 and 12 + log(O/H) = 8.34. This suggests
that Arp 314-3 is a primordial dwarf irregular and not a TDG
formed from the interaction of the two main galaxies of the
group. This scenario is also supported by the metallicity—luminosity
relation studied by Weilbacher, Duc & Fritze-v. Alvensleben (2003),
who included in their analysis a sample of TDG candidates.
Indeed, considering its B-band absolute magnitude, My = —14.89
(HyperLeda data base), Arp 314-3 does not lie in the locus of
the TDGs.

4.1.2 Flat metal distribution in interacting systems

Using the measured oxygen abundances, we have derived the
oxygen-abundance distribution for the galaxy Arp 314-1, which
is shown in Fig. 4. Distances have been de-projected by using
the kinematical inclination and position angle published in Torres-
Flores et al. (2014b), and using the procedure developed by Scarano
et al. (2008). On this figure, the solid line represents a linear fit on
the data, where we have excluded the nuclear region (region #42),
given the contribution of a possible AGN. On the same plot, we
have included the oxygen abundances of regions belonging to Arp
314-2 (empty circles). In this latter case, distances correspond to
linear projected distances estimated from the centre of Arp 314-1
to each source. Regions belonging to Arp 314-2 were not included
in the fit shown. From the linear fit, we derive a zero-point of @ =
8.48 & 0.04 and a slope of 8 = —0.02 & 0.01 dex kpc~!, which is
shallower than the slope displayed by the non-interacting galaxies

(e.g. B = —0.07 £ 0.01 dex kpc™!, Zaritsky, Kennicutt & Huchra
1994). Inspecting Fig. 4, we note that most of the star-forming
regions for which we measure oxygen abundances are located at
radius R < 5kpc. These star-forming objects do not display a clear
oxygen abundance gradient. Indeed, the reported gradient arises
when we include regions #58 and # 43 in the fit. These objects are
located in the outskirts of Arp 314-1, and are therefore expected to
have lower oxygen abundances.

It is important to note that galaxy Arp 314-3 displays a low
oxygen abundance, consistent with its luminosity. Nordgren et al.
(1997) published the H1 distribution of Arp 314 showing a large
cloud of HI covering the three main galaxies. If gas-flows or gas-
mixing is responsible for the flattening of metallicity gradients in
interacting systems, it is puzzling that metals have not mixed yet.

4.2 Kinematics: searching for gas motions

The kinematics of the members of Arp 314 have been already
analysed by Torres-Flores et al. (2014b), however, no detailed
analyses of the non-circular motions and on the multiple Ho
emission components have been done. We will use this information,
combined with the Gemini spectroscopic data, to understand the
observed metal distribution of Arp 314. In Figs 5-7, we show the
main kinematic features of Arp 314-1, Arp 314-2, and Arp 314-3, re-
spectively. In panel (a), we show the r-band optical image; on panel
(b), we show the observed and modelled velocity field (represented
by colour bins and a colour map/black lines, respectively); in panel
(c), we show the residual velocity field, which corresponds to the
difference between the observed and modelled field; in panel (d), we
show the central region of the velocity field of each galaxy, where we
have superimposed the Ho profiles associated with that region. On
this panel, each profile represents a4 x 4 pixels. Countours in panels
(b) and (c) represent the H emission. In the case of panel (b), the
modelled velocity fields were derived to obtain the rotation curve
of the different galaxies (see Epinat, Amram & Marcelin 2008;
Torres-Flores et al. 2014b). The velocity fields and the residual-
velocity fields clearly indicate that the three galaxies are far from
being pure rotating discs, and in the following, we describe the main
kinematic features of each galaxy, which are used to identify gas
motions.

In the case of the Sbc galaxy Arp 314-1, Torres-Flores et al.
(2014b) reported a relatively regular velocity field. However, they
found a misalignment between the morphological and kinematic
position angle (33° and 115°, respectively), which is a typical
signature of galaxy interaction. Despite the fact that the galaxy
is globally rotating, when we compare the model and the observed
velocity fields [Fig. 5, panel ‘(b)’], we observe strong local velocity
jumps (for instance, in the outskirt regions of the disc, where the
observed field show larger velocity amplitude than the model).
These strong kinematical perturbations are clearly visible on the
residual-velocity field [Fig. 5, panel ’(c)’] that shows non-circular
motions randomly distributed in the disc, ranging between —25
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Figure 4. Oxygen abundance gradient for Arp 314-1, where different regions are shown by filled black circles. A linear fit on the data is indicated by a black
line. Regions belonging to Arp 314-2 are included on the plot (empty circles), in order to show the differences in the oxygen abundances.

to +25kms~!. These kinds of features can contain rich information
related with the interaction history of the galaxies, specially in
closely face-on systems. Inspecting the Ho profiles of Arp 314-1,
we mostly found a strong emission line very often accompanied
by a second component, which is fainter in intensity. The fainter
emission line is either resolved or embedded in an asymmetric
profile dominated by the brighter emission line. This may suggest
that Arp 314-1 has experienced a recent gas accretion, as has been
reported in other interacting systems (e.g. Font et al. 2011). In
addition, the slope of the metallicity gradient observed in Arp 314-1
(B =-0.02 £ 0.01 dex kpc™!) is consistent with the slope measured
for a sample of galaxy pairs (Kewley et al. 2010). Kewley et al.
(2010) suggest that the flattening in the metal distribution of galaxy
pairs should be connected with large gas inflows. Given the modest
intensity of the second component versus the main one, the gas flow
we observe by inspecting the Ho profiles of Arp 314-1 is probably
not carrying out large quantities of material. If gas inflows were the
main mechanism in producing a flattening in the metal distribution
of Arp 314-1, these inflows should have already occurred and we
would then expect that, presently, the process has already finished
or it is at its final phase.

The scenario is even more complicated for the SBc galaxy
Arp 314-2. The external region of this galaxy displays a complex
velocity field, which does not actually show a well-behaved rotating
disc [see Fig. 6, panels (b) and (c)]. The dip in the blueshifted and
the bump in the redshifted inner rotation curve (Torres-Flores et al.
2014b), likely due to the strong bar, provide a peculiar pattern
for the central isovelocities overplotted on top of the observed
velocity field, which does not follow a symmetric rotating disc
pattern, Indeed, if we observe a continuity between the data and
the model on the blueshifted side of the galaxy, this is not the case
on the redshifted side. This can be seen on the very asymmetric
residual velocity field showing a blueshift side almost flat [see
Fig. 6, panel (c)], but a redshifted side with velocities that jump from
—50 to +50km s~! within a couple of kpc. In fact, these velocities
display a ring-like structure. The Ho profiles of the central region
of this galaxy display asymmetric profiles [Fig. 6, panel (d)]. This
suggests that more than one kinematic component is present in
this region, resulting in broad Hoe emission-line profiles. Towards
the northern region of the nucleus of Arp 314-2, we even detect

MNRAS 494, 2785-2797 (2020)

double He profiles [as can be seen in Fig. 6, panel (d)]. Given the
complex kinematic of this system, it is difficult to determine if these
double-component profiles arise from a gas inflow. In any case, this
galaxy displays an SFR (Ha) ~ 1.1 Mg yr~!, which suggests that no
external gas accretion is dramatically increasing its SFR. However,
the central region of this galaxy, where the Ha emission peaks
(inner 5 x 5 arcsec” centred in RA: 22:58:07.94, Dec: -3:47:19.10),
displays velocity dispersions of ~40 km s~!. Those values are larger
than the typical values for the velocity dispersion displayed by the
non-interacting systems (~25kms~'; Epinat et al. 2010, for the
GHASP survey). Given that there is a spatial correlation between the
maximum of the He emission and the maximum velocity dispersion
in the central region of Arp 314-2, we cannot exclude that the stellar
feedback produced by star formation is increasing the interstellar
medium velocity dispersion.

Finally, the kinematic of the irregular SBd dwarf galaxy Arp 314-
3 displays, despite its bar, a fairly symmetric rotation disc pattern
(Torres-Flores et al. 2014b) of low maximum rotation velocity
~40kms~! at the optical radius and growing up to ~60kms~" at
two optical radii. These authors suggest that this object could be an
irregular star-forming galaxy or an object formed from tidal debris.
The low observed oxygen abundances confirms the first scenario:
Arp 314-3 is a primordial irregular galaxy, as discussed in session
4.1.1.

4.3 Inspecting the optical morphology of galaxies in Arp 314

Using the Gemini optical imaging data, we have inspected the
morphology of each galaxy belonging to Arp 314 (see Fig. 1).
We describe, hereafter, the main morphological features of the
interacting system, from an optical point of view.

Galaxy Arp 314-1 displays a spiral-arm structure with several
bright blue knots clearly associated with star-forming regions. The
nucleus is dominated by a strong point-like emission. The outskirts
of the galaxy display a diffuse stellar emission in the shape of
a shell-like structure. Given their proximity (~39 arcsec from the
Arp 314-1 centre), these shells should be formed by an interaction
of Arp 314-1 with Arp 314-2 as seen in simulations of interacting
galaxies. For instance, Hernquist & Quinn (1989) suggested that
shell structures can be formed during the interaction of a low-mass
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Figure 5. Images and velocity fields for Arp 314-1. Panel (a): Gemini r-band image. Panel (b): observed velocity field on which a kinematic model has been
overplotted (which was obtained by Torres-Flores et al. 2014b to derive rotation curves). Black iso-velocities represent the kinematic model and white contours
represent Ho emission. Black square represents a region that is amplified in panel (d). Panel c: residual-velocity fields, i.e. difference between the observed
and modelled velocity fields, as shown in panel (b). Panel d: zoom-in of the black square shown in panel (b). Normalized Ho profiles have been overplotted

(using a bin 4 x 4 pixels).

disc galaxy with a more massive disc galaxy. Galaxy Arp 314-2
displays an extremely perturbed morphology (see Fig. 1), with no
spiral pattern being detected and it is observed that a tidal arm that
emerges from the south-east side of the galaxy also emerges in this
case. Several star-forming regions can be observed across the main
body of this object. In particular, we observe three bright knots near
its centre, with a diffuse stellar emission to the north-west side of
these regions. The region 28_1 is located at ~14 arcsec from the
Arp314-2 centre, while the regions 28_2 and 28_3 are located at
~1 arcsec from the Arp314-2 centre. On the south-east side of Arp
314-2, there is an extended optical tidal tail containing a number of
compact knots. Besides that, we observe a diffuse and faint stellar
emission between Arp 314-1 and Arp 314-2, which contains a chain
of compact sources and seems to connect both galaxies. Finally,
Arp 314-3 displays an irregular shape. Its morphology reveals the
presence of a stellar bar surrounded by more than a dozen star-
forming regions. The morphology of this galaxy resembles that of
the LMC.

4.4 Internal extinctions, radial velocities and line fluxes

In the fourth column of Table 1, we list colour excesses estimated
as described in Section 3, with the exception of the central spectrum
of Arp314-1, given its possible AGN nature. The values of colour
excess span from E(B-V), ~ 0 to E(B-V), ~ 0.63 (the latter value
corresponds to ~2.0mag in the V-band, considering Ry = 3.1).
These values are consistent with the estimates derived for star-
forming regions located in other interacting systems. In the last
column of Table 1, we list the radial velocities derived for each
region, confirming their membership to their parent galaxies.

In Table 3, we list the flux of the HB, [OIII] 4959 A, [OIII]
5007 A, [NII] 6548 A, Ha, and [N 1I] 6584 A emission lines for the
different star-forming regions observed in Arp 314, where the most
intense sources are associated with the nucleus of Arp 314-1 and
with a strong star-forming object, which corresponds to the region
28_1 which has a SFR ~ 0.2 M, yr~!, which is located at 14 arcsec
from the centre of Arp 314-2.

MNRAS 494, 2785-2797 (2020)
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Figure 6. Same caption as for Fig. 5, but for Arp 314-2.

4.5 SFRs
4.5.1 Ha luminosities

Considering the distance to Arp 314, we have derived the dust-
corrected Ho luminosities for the star-forming complexes (Table 3,
column 9). In the case of Arp 314-2, the central regions #28_1
and #28_4 display Ha luminosities larger than Ly, > 10* ergs™!.
In addition, region #33 also displays high He luminosity, with a
log(Ly, ) almost equal to 10 erg s~!. We have located these sources
on the dispersion velocity map of Arp 314 published by Torres-
Flores et al. (2014b) and we found that these objects display velocity
dispersion of o ~ 35-40 km s~!. Similar values have been measured
for several giant HII regions (GH 1IR) located in other nearby
galaxies (e.g. Kennicutt & Hodge 1984; Hodge 1993; Melnick,
Tenorio-Tagle & Terlevich 1999; Higele et al. 2007; Firpo et al.
2010), suggesting that these star-forming regions detected in Arp
314 are GH IR candidates.

4.5.2 Individual star-forming regions

In the last column of Table 3, we list the SFR(Hw) for each individual
source observed in Arp 314, under the assumption of a continuous
star formation process. In general, individual regions display modest

MNRAS 494, 2785-2797 (2020)

level of ongoing star formation. A few exceptions can be found in
Arp 314-2. For instance, region #28_1, displays a relatively high
SFR ~ 0.28 Mg, yr~!. This region corresponds to an ongoing high-
SFR event located outside the nuclear region of this galaxy. On
the other hand, regions #1, #3, and #43 display the lower values
for the SFRs (~1073 Mg, yr™!). The case of region #43 is peculiar.
This source is located in the bridge that connects Arp 314-1 with
Arp 314-2, as can be seen in Fig. 8, suggesting that this source was
formed from gaseous material that was ejected during the interaction
process.

4.5.3 Global estimates: UV, Ha, and MIR data

In Table 4, we list the SFRs estimated from the UV, Ha, MIR and
Ha corrected by MIR emission for the main galaxies of Arp 314.
Indeed, in the case of Arp 314-1, no computation was performed
given its possible AGN nature.

The galaxy Arp 314-2 displays SFRpyy = 1.1Mgyr !,
SFR (Ha) = 13Mgyr!, SFRyum = 19Mgyr!, and
SFRuy+22bum = 2.1 Mg yr~ L.

In the case of Arp 314-3, we just compute the SFR using the Ho
emission, obtaining a value of SFR (Ha) = 0.2Mg yr~! (no FUV
magnitude was found in the GALEX archive for this galaxy).
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Figure 7. Same caption as for Fig. 5, but for Arp 314-3.

Stellar masses are tabulated in Table 4 (column 6), including the
galaxy Arp 314-1, given that the stellar mass is mainly derived from
the stellar emission, W1, which should not strongly be affected by
AGN activity.

Considering the M, values, and the SFRs, we estimate the specific
SFR (sSFR) for Arp 314-2, value that is listed in the last column of
Table 4. Its sSFR shows that Arp 314-2 [log(SFRuq+22um/M.) = —
9.48 yr~'] lies in the star-forming sequence in the mass versus
sSFR diagram shown by Schiminovich et al. (2007). Considering its
mass, this galaxy is actively forming stars, where the gravitational
encounter with its companion Arp 314-1 could play a role. Indeed,
from Fig. 1 itis evident that a galaxy—galaxy encounter has modified
the morphology of Arp 314-2. Finally, we could not compute the
sSFR for Arp 314-1 and Arp 314-3.

5 DISCUSSION

5.1 Gas flows and the flattening of the gas-phase oxygen
distribution

Several authors have found that interacting galaxies display flatter
metallicity gradients than isolated systems, suggesting that gas flows
during interacting events play an important role in the chemical

evolution of these systems (e.g. Kewley et al. 2006, 2010; Rupke,
Kewley & Chien 2010b). These gas flows should produce a metal
dilution in the central region of interacting galaxies and they
may be responsible in triggering a star formation burst. These
observational results have been confirmed by simulations (e.g.
Rupke et al. 2010a). However, the suggested and expected gas flows
are difficult to observe, given the complexity of interacting systems
and also due to the lack of large field-of-view high-resolution
spectroscopic data. In this sense, a combination of data that allow
us to determine metallicity gradients (in large areas) plus a detailed
kinematic analysis is essential to understand metallicity gradients in
interacting systems. This has motivated us to study the metallicity
evolution in a sample of galaxies located in small nearby galaxy
groups. For most of these groups, we have high-resolution Fabry—
Perot Ho spectroscopic data, which are useful to determine the
kinematics of these systems.

As part of this project, Torres-Flores et al. (2014a) have studied
the metal distribution in the tidal tails of NGC 92, which is the main
galaxy of the compact group called Robert’s quartet, and found
that NGC 92 displays a flat metallicity distribution along its tidal
tail. However, a kinematic analysis on this system did not reveal
the existence of gas flow along it. As another part of this project,
Torres-Flores et al. (2015) and Alfaro-Cuello et al. (2015) have
studied the metal distribution in the merging compact group HCG

MNRAS 494, 2785-2797 (2020)
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Figure 8. Gemini/GMOS r’-band image of Arp 314-1 and Arp 314-2. In
this image, we show the location and spectrum of the region ID #43, which
is located in the bridge that connects the main galaxies of this system.

31. In this case, the use of integral field unit (IFU) spectroscopy plus
Ho Fabry—Perot data allows them to detect a gas flow between the
nucleus of HCG 31A and HCG 31C. This gas flow should explain
the smooth transition observed in the oxygen abundance between
HCG 31A and HCG 31C. Finally, Olave-Rojas et al. (2015) have
studied the chemical distribution in the tails of NGC 6845A, which
is the main galaxy of the compact group NGC 6845, and also found
a flat metallicity distribution; however, no Fabry—Perot data were
available for this target.

For the present study, by using the oxygen abundances of ten
regions belonging to Arp 314-1, we have determined its metal
distribution. We derived a slope which is consistent with the
values reported by Kewley et al. (2010) for a sample of galaxy
pairs, which indicates a flatter metallicity distribution than the
slope found in isolated systems. The result found for Arp 314-
1 is consistent with the metallicity gradients measured in other
galaxies belonging to small galaxy groups, suggesting that the
group environment facilitates the mixture of gases and the chemical
evolution of galaxies. However, our Fabry—Perot kinematic data do
not reveal the existence of recent large gas flows in Arp 314-1,
as could be expected from its metallicity distribution. If a gas-
poor accretion occurred, as suggested by the rather flat metallicity
distribution, this event must have occurred long enough for the
traces of gaseous kinematic disturbances to get disappeared. Since
the gas flow, the system had enough time to dampen this fresh
gas supply and regain a dynamic equilibrium. The gas accretion
has to be much older than the typical age of HII region, i.e.
107 yr. Large kinematic perturbations can be interpreted as signs
of recent gas flows, as can be the case of Arp 314-2, or even
other interacting systems analysed with Fabry—Perot data, where
multiple profiles can be easily identified (e.g. Arp 299, Rampazzo
etal. 2005; HCG 31, Amram et al. 2007). In the case of Arp 314-1,
the kinematic data show asymmetric Hoe profiles, where a weak
secondary component can be identified. This secondary component
could suggest a small-scale gas accretion event, which may be
playing a role in the chemical distribution of this system, but it
should be accompanied by other process in order to strongly affect
the metal distribution in Arp 314-1 (or previous gas flows have been
responsible in flattening the metal distribution). We note that an
extra mechanism can act to affect the metal distribution of galaxies.
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Martin, Kobulnicky & Heckman (2002) found evidence that galactic
outflows are chemically enriched. Therefore, central outflows in
Arp 314-1 could be carrying enriched material, which can be
contributing to the flattening of the metal distribution. This scenario
will be tested with future three-dimensional (3D) spectroscopy of
Arp 314-1. In the case of Arp 314-2, it is not possible to determine a
metallicity gradient, given the few number of observed star-forming
regions. However, the kinematic richness of this object converts it
into an ideal target for 3D spectroscopic studies, which can be used
to understand its metal distribution. Thus, the mixture of 3D high-
resolution kinematic data and optical 3D spectroscopic capabilities
(with large field of views) can be extremely useful to determineing
the importance of gas flows in the chemical evolution of interacting
galaxies.

6 SUMMARY AND CONCLUSIONS

In this paper, we present new Gemini/GMOS images and spectro-
scopic observations of the poorly studied interacting system Arp
314. The main results are as follows:

(1) The use of Gemini multislit data allowed us to follow the
metallicity behaviour of the main galaxy of this system, Arp 314-1,
finding a flatter/complex metal distribution than displayed by the
non-interacting systems. The observed metal distribution can be
explained by the presence of gas flows, which were identified in
this galaxy through the inspection of the kinematic data. However,
the real contribution of the observed gas flows in the flattening of
the metal distribution is unclear.

(2) Deep optical imaging reveals the presence of tidal tails and
stellar bridges around the main galaxies of this system. These
features are typical signatures of galaxy—galaxy interactions.

(3) The sSFR of Arp 314-2 locates this object in the star-forming
sequence of the M, versus sSFR plane. Most of the star formation
of this galaxy is located in the centre of the system, where double
Ha profiles can be identified. In addition, this galaxy displays a
complex kinematics.

(4) We discarded that Arp 314-3 had a tidal origin, mainly due
to its low oxygen abundance, and suggested that Arp 314-3 is a
primordial dwarf galaxy.

All the physical phenomena that are taking place in Arp 314
make this system an ideal target to study galaxy transformation,
and future integral field-unit observations will reveal in more detail
this important path in the evolution of galaxies.
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