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Abstract

Double-peak narrow emission line galaxies have been studied extensively in the past years, in the hope of discovering late stages of mergers. It is difficult to disentangle this phenomenon from disc rotations and gas outflows with the sole spectroscopic measurement of the central 3″. We aim to properly detect such galaxies and distinguish the underlying mechanisms with a detailed analysis of the host-galaxy properties and their kinematics. Relying on the Reference Catalogue of Spectral Energy Distribution, we developed an automated selection procedure and found 5663 double-peak emission line galaxies at z <  0.34 corresponding to 0.8% of the parent database. To characterise these galaxies, we built a single-peak no-bias control sample (NBCS) with the same redshift and stellar mass distributions as the double-peak sample (DPS). These two samples are indeed very similar in terms of absolute magnitude, [OIII] luminosity, colour-colour diagrams, age and specific star formation rate, metallicity, and environment. We find an important excess of S0 galaxies in the DPS, not observed in the NBCS, which cannot be accounted for by the environment, as most of these galaxies are isolated or in poor groups. Similarly, we find a relative deficit of pure discs in the DPS late-type galaxies, which are preferentially of Sa type. In parallel, we observe a systematic central excess of star formation and extinction for double peak (DP) galaxies. Finally, there are noticeable differences in the kinematics: The gas velocity dispersion is correlated with the galaxy inclination in the NBCS, whereas this relation does not hold for the DPS. Furthermore, the DP galaxies show larger stellar velocity dispersions and they deviate from the Tully-Fisher relation for both late-type and S0 galaxies. These discrepancies can be reconciled if one considers the two peaks as two different components. Considering the morphological biases in favour of bulge-dominated galaxies and the star formation central enhancement, we suggest a scenario of multiple, sequential minor mergers driving the increase of the bulge size, leading to larger fractions of S0 galaxies and a deficit of pure disc galaxies.
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1. Introduction
The evolution of galaxies over cosmic time is largely determined by their mass growth and is thus connected to their environment and their merger rate. It is well observed that the mix of morphological types of galaxies depends on the environment (Dressler 1980; Whitmore et al. 1993). The star formation rate (SFR) of galaxies is a well-suited diagnostic to characterise their evolutionary state. Galaxies can, on the one hand, enhance their star formation rate through interaction with their environment (Bothun & Dressler 1986; Pimbblet et al. 2002), but, on the other hand, they can also be quenched by the environment (Balogh et al. 1998). Isolated galaxies are thought to refuel their discs with gas from extended halos and from cosmic filaments, while galaxies located in massive clusters will evolve passively (Balogh et al. 1998). The assembly and growth of galactic discs and galaxies in general are some of the key issues of galaxy simulations (e.g. Mo et al. 1998). Accretion from filaments is motivated by numerical simulations (e.g. Bond et al. 1996), while observational detection is based on filaments of galaxies in cluster environments (e.g. Laigle et al. 2018; Sarron et al. 2019) and the Lyα forest tomography (e.g. Lee et al. 2018). The latter approach is the only one that directly detects so-called gas accretion.
The identification of merging galaxies is usually based on morphology (e.g. Lotz et al. 2004) or detection of dynamically close pairs (e.g. De Propris et al. 2005). Relying on the latter technique, Ellison et al. (2008) identified 1716 galaxies with companions in the Sloan Digital Sky Survey (SDSS) Data Release (DR) 4 with stellar mass ratios between 0.1 <  M1/M2 <  10. Further studies of this sample found that star formation due to galaxy interactions can be triggered in low-to-intermediate density environments (Ellison et al. 2010). By extending their search to SDSS DR7, they increased their sample to 21 347 galaxy pairs and found evidence for a central starburst induced by galaxy interactions (Patton et al. 2011). By including quasi stellar objects (QSO) in their search, Ellison et al. (2011b) found that active galactic nuclei (AGN) activity can occur well before the final merging of a galaxy pair and is accompanied by ongoing star formation.
The original prediction that merging should go up to the black hole coalescence (e.g. Begelman et al. 1980) has not been observed yet. But earlier steps have been explored, and several dual AGNs, which is a late stage of a galaxy merger (Genzel et al. 2001; Koss et al. 2016, 2018; Goulding et al. 2019), or even a triple nucleus (Deane et al. 2014; Pfeifle et al. 2019), have been detected. While about 40% of ultra-luminous infrared galaxies exhibit a double nucleus (Cui et al. 2001), Koss et al. (2018) discuss that gas-rich luminous AGNs are often hidden mergers. Green et al. (2010) were first to identify a galaxy merger resulting in a binary quasar with a projected separation of 21 kpc and a radial velocity difference of 215 km s−1. Mergers with a binary quasar have also been associated with an offset and/or DP [OIII]λ5008 emission line (e.g. Comerford et al. 2009, 2013). Many systematic searches for dual AGNs have been conducted at different wavelengths (Liu et al. 2011, 2013; Koss et al. 2012; Fu et al. 2015) to discuss the nature of dual AGNs.
Using the direct detection of DP narrow emission lines, Wang et al. (2009), Liu et al. (2010), Smith et al. (2010), and Ge et al. (2012) selected large galaxy samples from several galaxy surveys. In most of these works, the search for double-peak emission lines are motivated by the search for dual AGNs or dual galactic cores. Starting from such samples, Comerford et al. (2012) conducted long-slit observations on double-peak emission line galaxies to find kiloparsec-scale spatial offsets and to constrain the selection of dual AGNs. Using the Hubble Space Telescope and the space based X-ray telescope Chandra, Comerford et al. (2015) confirmed a dual AGN, with a separation of 2.2 kpc, resulting from an extreme minor merger (460:1) creating a DP [OIII]λ5008 emission line. Follow-up observations with the Very Large Array enabled the detection of three dual AGNs, AGN wind-driven outflows, radio-jet driven outflows, and one rotating narrow-line region producing DP narrow emission lines (Müller-Sánchez et al. 2015). Long-slit observations of DP galaxies enable them to distinguish between AGN-driven outflows and a rotating disc (Nevin et al. 2016), as further supported by Monte Carlo simulations in Nevin et al. (2018). Furthermore, Comerford et al. (2018) associated double-peak emission line galaxies with galaxy mergers, concluding that at least 3% of galaxies with DP narrow AGN emission lines found in the SDSS spectra are galaxy mergers identified in SDSS snapshots.
In this article, we build an objective selection procedure for DP narrow emission line galaxies to test whether we can identify different merger stages. We did not constrain our search to dual AGNs candidates and we dis not include a visual selection in contrast to previous galaxy samples. We based our work on the value-added Reference catalogue of Spectral Energy Distributions (RCSED; Chilingarian et al. 2017).
This work is organised as follows. In Sect. 2, we describe the pipeline developed to automatically select galaxies with spectra exhibiting double-peak emission lines and describe the selection of a no-bias control sample (NBCS). Section 3 classifies this double-peak sample (DPS) relying on ionisation diagrams and on morphology and compare it with previous works. In Sect. 4, we analyse the properties of the DPS and compare them with the NBCS. In Sect. 5, we discuss our results followed by a conclusion in Sect. 6.
A cosmology of Ωm = 0.3, ΩΛ = 0.7 and h = 0.7 is assumed in this work.
2. Detection of double-peak emission line galaxies in RCSED catalogue
2.1. Spectroscopic data
The RCSED contains 800 299 galaxies selected from the SDSS DR7 spectroscopic sample (with a spectral resolving power R = 1500…2500) in the redshift-range 0.007 <  z <  0.6 (Chilingarian et al. 2017). This catalogue provides k-corrected photometric data in the ultraviolet, optical, and near-infrared bands observed by the Galaxy Evolution Explorer (GALEX), SDSS, and the UK Infrared Telescope Deep Sky Survey (UKIDSS).
The RCSED catalogue also provides optical SDSS spectra in 3-arcsec circular apertures up to a magnitude limit of r = 17.77 mag (Abazajian et al. 2009) and a best-fitting template. The template assumes either a simple stellar population (SSP) model or an exponentially declining star formation history (EXP-SFH; Chilingarian et al. 2017). The best-fitting template subtracted from an original spectrum provides an emission line spectrum in the observed wavelength range [3600 Å, 6790 Å]. In Fig. 1, we show major emission lines extracted from stellar continuum subtracted spectra of three different galaxies, studied in this article as they exhibit double-peak emission lines as described in Sect. 2.2.
	[image: thumbnail]	Fig. 1.
Emission lines of three DP galaxies, namely Hβλ4863, [OIII]λ5008, [OI]λ6302, [NII]λ 6550, Hαλ6565, [NII]λ 6585, [SII]λ6718 and [SII]λ 6733. For each panel, we display on the top left, the 62″ × 62″ SDSS snapshot. Each displayed line is fitted with a double Gaussian function as explained in Sect. 2.2. We show the blueshifted Gaussian component as blue lines and the redshifted component as red lines. The green line is a superposition of the two Gaussian components. Below each emission line we show residuals. We flag lines with a confirmed DP selected with criteria described in Sect. 2.2 as “with DP” and flag the others as “no DP” for failing the criteria. The black dashed vertical line indicates the position of the stellar velocity of the host galaxy, computed by Chilingarian et al. (2017). The top spectra are for a face-on spiral galaxy at a redshift of z = 0.02 with a ΔvDP = 232 km s−1, which resembles an outflow (discussed in Sect. 5.6). The middle spectra are for an elliptical galaxy at z = 0.05 showing a ΔvDP = 495 km s−1. The bottom spectra are for a galaxy merger at z = 0.05 and ΔvDP = 269 km s−1. This is one of 58 galaxies discussed in Maschmann & Melchior (2019) showing a DP structure probably associated with recent galaxy merger.




In the RCSED catalogue, each emission line spectrum was fitted with two different functions: (1) a Gaussian function and (2) a non-parametric distribution. In case (1), two Gaussian functions were adjusted to all allowed and all forbidden transitions. The case (2) is based on an algorithm, which adapted an arbitrary shape to all emission lines simultaneously, again grouped by the transition type. The non-parametric fit is able to fit complex line shapes such as a DP and AGN-driven outflows, and can also reveal low-luminosity AGN broad line components (Chilingarian et al. 2018). The catalogue provides the fluxes resulting from these two procedures for several emission lines, χ2 per number degree of freedom (Ndof), hereafter [image: equation], the equivalent width (EW) and other parameters, as specified in Chilingarian et al. (2017).
2.2. Automated selection procedure
We developed an automated three-stage selection procedure to find DP galaxies. The first stage pre-selects galaxies with a threshold on the S/N, and performs successively the emission line stacking, line adjustments and empirical selection criteria. Some emission lines are individually fitted at the second stage to select first DP candidates. We also selected candidates showing no DP properties to be the control sample (CS). Stages 1 and 2 are summarised in Fig. 2. At the third stage, we obtained the final DPS using the fit parameter of each line, as shown in Fig. 3. Hereafter, we explain in detail each step of the selection procedure.
	[image: thumbnail]	Fig. 2.
Flowchart describing the first two stages of the automated selection procedure, detailed in Sect. 2.2. We list up all selection criteria and note the number of galaxies at each selection step. In stage 1 we select preliminary candidates and a control sample (CS) using emission line properties and χ2 ratios from emission line fitting computed by Chilingarian et al. (2017). We visualise the stacking and fitting procedure and all selection criteria described in Sect. 2.2.2. In stage 2 we describe the individual fitting of each emission line and list up all criteria for the DP flag detailed in Sect. 2.2.4. We finally select 7479 DP candidates and 89 412 galaxies for the CS.




	[image: thumbnail]	Fig. 3.
Stage 3 of the selection procedure to find the final DPS. This algorithm sorts the fitted emission lines according to their S/N and uses the DP flags indicating confirmed DP in the specific line. All selected galaxies must have a confirmed DP in the strongest line. If the object has more than 1 (resp. 2) confirmed line(s), we must also find a DP in the second (resp. second and third) strongest line. This procedure excludes objects which have a falsely confirmed DP in some weaker lines. We finally get the DPS counting 5663 galaxies. In Table 1, we present the distribution of DP galaxies for different number of confirmed DP.




2.2.1. Preliminary candidates
We first restricted the analysis to galaxies with detectable emission lines, in order to define a preliminary sample on which a subsequent emission line fitting can be applied. Hence, we selected objects with a S/N >  10 in the [OIII]λ5008 or Hαλ6565 lines. To secure the detection of the S[II]λ6718 and S[II]λ6733 lines within the spectra bandwidth, we added the condition z <  0.34. We thus kept a sample containing 276 239 objects from the RCSED catalogue.
We then selected 189 152 galaxies, which have a S/N >  5 in at least three emission lines among Hαλ6565, Hβλ4863, Hγλ4342, [OIII]λ5008, [OI]λ6302, [NII]λ6550, and [NII]λ6585. As described above, the non-parametric fit adapts to the line shape and is thus able to fit a DP structure. It is hence possible to disentangle single Gaussian profiles from non-Gaussian profiles. With the reduced [image: equation] value of the single Gaussian and non-parametric RCSED fit, we can compared the spectra whose emission lines resemble a Gaussian shape with those spectra showing an unlikely Gaussian shape, such as a DP. We selected 99 740 galaxies with a larger [image: equation] value for the Gaussian fit than for the non-parametric fit. They were classified as preliminary candidates. Spectra with a larger [image: equation] value for the non-parametric fit were selected as the control sample (CS), since they have more likely a Gaussian shape (see detailed description in Sect. 2.2.3).
2.2.2. Emission line stacking and fitting procedure
The emission line fittings performed in the RCSED catalogue is separated for Balmer and forbidden emission lines since they can originate from different parts of the galaxy (Chilingarian et al. 2017). For the preliminary selected galaxies, we only find ∼1% showing a deviation greater than the SDSS spectral resolution between the two fits regarding the emission line position or dispersion. The RCSED catalogue has also excluded SDSS objects classified as quasars or Seyfert 1 (Schneider et al. 2010) since the stellar population analysis or the k-correction (e.g. Chilingarian et al. 2010b) is not supporting these kind of objects (Chilingarian et al. 2017). Hence, most broad-line galaxies were not included and we were not investigating such line shapes in this study.
We can thus assume a priori the same or a similar shape in all emission lines. This motivates a stacking procedure of the different emission lines of each spectra. While the shape of a single emission line can be distorted by noise, genuine signals will be enhanced in the stacked spectra characterised by a reduced noise. To guarantee the significance of this procedure, we required S/N >  5 for all stacked emission lines. To stack the emission lines, we selected each emission line in the range of ±30 Å with respect to the emission line position and transformed it into velocities. We calculated the velocity of each wavelength bin i as vi = c (Δλi)/λrest, where Δλi is the difference between the wavelength of the bin i and the observed emission line position and λrest its rest-frame wavelength. We calculated the stacked spectra by summing the flux of each selected emission line in each velocity bin vi and add the uncertainties quadratically.
We isolated the Hαλ6565, [NII]λ6550 and [NII]λ6585 emission lines for the stacking procedure. They can overlap and cause artefacts in the stacked spectra. The [NII]λ6550, λ6585 doublet is characterised by a fixed flux ratio of [NII]λ6585/[NII]λ6550 = 2.92 ± 0.32 (Acker et al. 1989). Using the non-parametric emission line fit from RCSED we could extrapolate and subtract the [NII] doublet, as done in Schirmer et al. (2013).
We fitted a single Gaussian function (gsingle) and a double Gaussian function (gdouble) against each stacked spectrum. We used the following functions for the adjustments:
[image: thumbnail](1)
where A is the amplitude, μ the mean and σ the standard deviation of the Gaussian function, v the velocity and B a constant accounting for the background noise level.
[image: thumbnail](2)
In Eq. (2), we used the same notation as Eq. (1) with subscripts (1, 2) defining the first and second Gaussian components. All fitting procedures were performed using the data analysis framework ROOT1
We then applied criteria to select DP candidates with the fit procedure, as follows:

	
1/2.5 <  A1/A2 <  2.5



	
ΔvDP = |μ2 − μ2|> 3 δv



	
F-test.




Criteria (1) ensures that one of the two possible peaks is not suppressed or does not represent only noise. Criteria (2) demands the separation of the two peaks to be three times greater than δv, the bin-width of the spectroscopic observation, transformed into a velocity, which is 3δv = 207 km s−1. The F-test of criteria (3) directly compares the two fitted models and demands a significant decrease in χ2 relative to the increase in the Ndof for the double Gaussian fit (subset “d”) in comparison to the single Gaussian fit (subset “s”). Following Mendenhall & Sincich (2011), we calculated the F-statistic, as follows:
[image: thumbnail](3)
and demanded the Fisher-distribution F to reject the single Gaussian hypothesis with a probability of less than 5% by using the cumulative distribution function:
[image: thumbnail](4)
With these criteria, we selected 7479 galaxies.
The Gaussian velocity dispersions σi that we measured directly from the spectra need to be corrected for the instrumental broadening σinst (as e.g. discussed in Woo et al. 2004). We calculated the corrected dispersion as [image: equation], where σi corresponds to σ, σ1 and σ2. The resolution of the SDSS spectra is not constant for the covered wavelength range and decreases towards higher wavelengths. To correct the stacked-spectra velocity dispersions, we used the mean σinst computed over the selected emission lines. We find a mean σinst = 61 ± 4 km s−1. In the subsequent analysis, we only discussed corrected velocity dispersions.
2.2.3. Control sample selection
For later analysis, we selected a Control Sample (CS) to compare with our DPS. This sample was selected during the first stage and corresponds to galaxies showing no evidence of any DP feature. The preliminary sample, selected in Sect. 2.2.1, contains 189 152 galaxies, and was then divided into two subsamples using the Gaussian and the non-parametric fits provided in the RCSED. We kept spectra exhibiting a larger [image: equation] value for the non-parametric than for the Gaussian fit to select galaxies showing Gaussian shaped emission lines. With this criterion, we selected 89 412 galaxies, building up the CS. Since we considered the same S/N thresholds for emission lines and the same maximal redshift as for the DP candidates, this is a representative control sample. Nevertheless, as further discussed in Sect. 2.3, this CS still shows a selection bias in the redshift and stellar mass distributions, and a no-bias control sample (NBCS) is selected.
2.2.4. Individual emission line fitting
In the second stage of the selection procedure, we examined the following emission lines separately: Hγλ4342, Hβλ4863, [OIII]λ5008, [OI]λ6302, [NII]λ 6550, Hαλ6565, [NII]λ6585, [SII]λ6718, and [SII]λ6733. We fitted a single and a double Gaussian function to each line. For the double Gaussian function, we set the parameters μ1, 2 and σ1, 2 provided by the best fit of the stacked emission lines (see Sect. 2.2.2) and let them vary only inside their uncertainty range ±Eμ1, 2 and ±Eσ1, 2. The uncertainties are usually smaller than the spectral bin size δλ of the SDSS which means that these values are quasi fixed. In the case of uncertainties larger than 0.4 × δλ, we fixed them to 0.4 × δλ.
Using the best fit results of the single and double Gaussian fit functions, we applied the following criteria to flag each line if we detect a DP:

	
A1, A2 >  3 σb



	
[image: equation](single) > [image: equation](double)



	
1/3 <  A1/A2 <  3



	
S/N >  5




where σb is the root mean square (RMS) of the background noise level measured on both sides of the emission line. The first criterion ensures that the amplitude of each DP component is significantly larger than the background noise. The second criterion constrains that the double Gaussian function is better fitting the data than the single Gaussian one. With the third criterion, we excluded emission lines where one DP component is suppressed. In this case, it is likely that the weak component represents noise or an artefact of a clumpy line shape. Maschmann & Melchior (2019) discussed genuine cases where one of the components is weak or suppressed despite a high S/N. Criteria four ensures that the fitted lines are detectable and are not just noise.
For those lines showing a DP according to the selection criteria above, we set a flag to highlight the specific line as a DP line.
2.2.5. Final selection of double-peak galaxies
In the third stage of the selection procedure, we excluded galaxies which do not show any DP in the strongest emission lines which are mostly misclassified due to an artificial DP structure created by the stacking procedure. This third-stage selection is illustrated in Fig. 3.
We kept spectra with the strongest line flagged as DP. In cases of two (resp. more than two) emission lines flagged as DP, we also demanded the second (resp. second and third) strongest line to be flagged as DP. With these criteria, we excluded 1816 galaxies, which do not show a DP in their strong lines. This can occur for different reasons: (1) the fitting procedure can fail at specific lines because of a noisy line shape, (2) the spectra show only a DP structure in the stacked spectra but not in any individual line, or (3) DP occur only in weak lines, which are dominated by noise.
Our final DPS contains 5 663 galaxies with Δv = |μ2 − μ1| between 211 and 582 km s−1. In Fig. 4, we show distributions of the flux ratios between the two fit components of the Hαλ6565, [OIII]λ5008, Hβλ4863 and [NII]λ6585 emission lines. There is a noticeable difference between the flux ratio ϕmax/ϕmin of Hα and [OIII]. We also present the distribution of ΔvDP and the measured ratio of the amplitudes and velocity dispersions σmax/σmin of the two components in the stacked spectra.
	[image: thumbnail]	Fig. 4.
Characteristics of the galaxies selected with a DP feature in their emission lines. From left to right: first panel: flux ratio ϕmax/ϕmin of the stronger line divided by the weaker line for the individual emission lines Hαλ6565, [OIII]λ5008, Hβλ4863 and [NII]λ6585. We display the Hαλ6565 and [OIII]λ5008 emission line ratios of the objects found in Maschmann & Melchior (2019) with blue and re hatched surfaces. The other panels display parameters computed on the stacked spectra (see Sect. 2.2.2). Second panel: velocity difference Δv between the two peak components taken from the stacking procedure. Third (resp. fourth) panel: amplitude (resp. velocity dispersion) ratio of the stronger and weaker line components of the stacked spectra.




The number of confirmed DP lines varies between one and nine and is presented in Table 1. 92% (resp. 72%) of the selected galaxies exhibit three (resp. four) or more double-peak emission lines.
Table 1.

DPS sorted into groups of number of confirmed DP lines.


The automated selection procedure selected DP galaxies with an objective algorithm. This means that we did not need any visual inspection, which would have been a subjective factor in the sample selection. We show in Table 2 some fitting parameters of the first five galaxies of our DPS.
Table 2.

Double-peak galaxy sample.


2.3. No-bias control sample
Figure 5 displays stellar mass (Kauffmann et al. 2003) as a function of redshift for the CS and for the DPS. We can observe that very few low-redshift objects are present in the DPS. This is obviously a selection bias: our method ends up excluding small systems with M* <  1010 M⊙. This is due to the fact that we cut ΔvDP <  211km s−1: those two quantities are related through the Tully Fisher relation (Tully & Fisher 1977), as further discussed in Sect. 4.3.4. We thus indirectly cut on the redshift and the fibre size. Hence, most DP detections correspond to a fibre size larger than 3 kpc and massive galaxies which have M* >  1010.4 M⊙. The maximal redshift observed in the DPS is z = 0.32 (but this particular galaxy has no stellar mass approximation and is thus not represented in Fig. 5). Only < 1% of the DP galaxies have a redshift z >  0.25. This can be explained by the S/N cut of emission lines in the selection procedure (see Sect. 2.2.1). For comparison purposes, we defined a sample of ordinary galaxies showing no double-peak emission lines but following the same redshift and stellar mass distribution as the DPS. We randomly selected galaxies from the CS (defined in Sect. 2.2.3) following the same redshift-stellar mass distribution as the DPS. Therefore, we divided the redshift-stellar mass space into a grid of 20 × 20 boxes and randomly draw galaxies from the CS in each box, following the probability of finding a DP galaxy in the specific box. We were thus able to select 5128 galaxies from the CS as shown in Fig. 6. In order to keep the same redshift-stellar mass distribution for the NBCS as the DPS, it is not possible to exceed 5128 galaxies in the NBCS. This new sample has approximately the same redshift and stellar mass properties as the DPS but shows single Gaussian shaped emission lines and is hereafter called the no-bias control sample (NBCS). We present the redshift and stellar mass distributions for both samples in Fig. 6.
	[image: thumbnail]	Fig. 5.
Stellar mass-redshift distribution for the CS (blue, top left panel) and the DPS (red, top middle panel). The contours indicate the density level. In the top right panel, we show the histogram of stellar masses and, on the bottom left panel, the histogram of redshifts. We also display the fibre diameter corresponding to 3″ on top of the upper left and middle panels.




	[image: thumbnail]	Fig. 6.
Stellar mass-redshift distribution (see Fig. 5) for the DPS (red) and the NBCS (black). The selection of the NBCS is explained in Sect. 2.3. We also compute histograms for the redshift and the stellar mass for both samples for a better comparison. The NBCS follows the same distribution as the DPS and contains 5128 galaxies.




2.4. Comparison with other works on DP
In this Section, we compare our DPS with previous samples. In Table 3, we cross-identify our samples at different selection steps with four other works, which released galaxy samples defined with DP galaxies or asymmetric features. Namely, we present a comparison with the samples found by Wang et al. (2009) and Liu et al. (2010), which comprise 87 and 167 Type two DP AGNs detected with the [OIII]λ5008 line. The sample of Smith et al. (2010) comprises 148 quasars classified as type one and type two AGNs. Ge et al. (2012) conducted a much broader selection procedure and provide two samples: one composed of 3030 galaxies with double-peak emission lines (hereafter G12-DP) and a second one gathering 12 582 galaxies with top flat or asymmetric line shapes (hereafter G12-TFAS).
Table 3.

Comparison of our DPS to other similar works with respect to the selection procedure of this work.


Our DP detection algorithm is based on a stacking procedure, which enables to study galaxies with at least three significant emission lines including a strong [OIII]λ5008 or Hαλ6565 line. These requirements are encoded among others in the preliminary selection (see Sect. 2.2.1). By comparing the sample of our preliminary candidates of 99 740 galaxies (see Sect. 2.2.1), we detect 71% (resp. 57%) of the sample found by Wang et al. (2009) (resp. Liu et al. 2010). Those galaxies, which fail our DP detection algorithm, show mostly different emission line shapes between the [OIII]λ5008 and Hαλ6565 lines. Those galaxies were then systematically sorted out in stage three of our selection procedure (see Sect. 2.2.5). We find only one DP galaxy in the RCSED catalogue selected by Smith et al. (2010), which also fails our final selection procedure due to an irregular Hαλ6565 shape where the algorithm is not able to adjust a double Gaussian function with fixed μ1, 2 and σ1, 2 (see Sect. 2.2.5). These are studies based on AGN quasars (Schneider et al. 2010) which were excluded from both the RCSED (Chilingarian et al. 2017) and our present study.
By comparing our work to the catalogues provided by Ge et al. (2012), we find a detection rate of 75% (resp. 47%) for the G12-DP (resp. G12-TFAS) sample of those detected in our preliminary sample. We find some similarities between the two catalogues but we find only 947 galaxies on the G12-DP sample and 2967 from the G12-TFAS sample. In addition, most of the galaxies found by Ge et al. (2012) have been discarded in our algorithm since they do not show a S/N >  5 in at least 3 emission lines, or are better fitted by a single Gaussian function than a non-parametric function (see Sect. 2.2.1).
In this work, we present a new DP sample with a very different selection procedure in comparison to previous works which all relied on visual inspection at some stage. Our sample was selected by an algorithm without any subjective post processing.
2.5. Summary
We developed an automated selection procedure to find double-peak emission line galaxies. We present 5663 such galaxies showing a wide range of possible emission line shapes (different Flux, Amplitude or σ ratios, see Fig. 4). Due to a wide range of explanation for DP phenomena, we classify our sample in the following and present an analysis.
3. Sample classification
3.1. Classification based on ionisation diagrams
To identify different galaxy types, BPT diagnostic diagrams provide an empirical classification based on optical emission line flux ratios first introduced by Baldwin et al. (1981), which have been further tuned by Kewley et al. (2006b) and Schawinski et al. (2007). We used three different types of BPT diagrams: the first type uses the emission line flux ratio [OIII]5008/Hβ4863 on the y-axis and [NII]6585/Hα6565 on the x-axis as shown in Fig. 7. The second and third types of BPT diagrams use ([SII]6718 + [SII]6733)/Hα6565 (resp. [OI]6302/Hα6565) on the x-axis, while the y-axis is the same as the first type. We classified galaxies with the first BPT diagram into 4 groups: star-forming (SF) galaxies, active galactic nuclei (AGN), composite (COMP) galaxies and low-ionisation narrow emission line regions (LINER; Schawinski et al. 2007). In the case of the DPS, we display each of the two emission line components in the BPT-diagrams, as the two peaks are most probably emitted from two different regions.
	[image: thumbnail]	Fig. 7.
BPT diagrams used to classify our samples into different galaxy types (Kewley et al. 2006b). The red line separates active galactic nuclei (AGN) and composite galaxies (COMP) (Kewley et al. 2001). AGNs and low ionisation narrow emission line regions (LINER) are separated by the green line (Schawinski et al. 2007) and the blue dashed lines separate star forming (SF) and COMP (Kewley et al. 2006b). We present the CS in the upper left panel and the NBCS in the lower left panel. In the upper middle (resp. right) panel, we show the blueshifted (resp. redshifted) peaks of DP galaxies with a S/N >  3 in the four emission line fluxes needed for the BPT diagram. In the lower middle and right panels, we display those emission line components of the DPS with three of the requested emission lines with S/N >  3 and the fourth S/N <  3. To classify them, we display arrows to indicate the limits derived by the uncertainties of weak emission lines. In all six panels, we apply the same colour-coding indicating the specific star formation rate (SSFR) computed by Salim et al. (2016). We display in all panels the same contour lines corresponding to the density of the CS. The corresponding classifications are presented in Table 4.




We classified the two emission line components according to their position on the BPT diagram if all four needed emission lines have a S/N >  3. In the case where we only have three emission lines with a S/N >  3, we computed the upper or lower limits derived from the uncertainties of the undetected emission line. If the constraints of these emission line ratios are unambiguous, we could classify them. Since the COMP region in the first BPT diagram borders the AGN and the SF regions, it was not possible to classify galaxies as COMP unambiguously using the flux limits. In Fig. 7, we show the classification of the single lines of the CS, the NBCS and each emission line component of the DPS. We also show with arrows upper or lower limits of these DP galaxies, which only have three significant emission line components. In all BPT diagrams, we colour-code the specific star formation ratio computed by Brinchmann et al. (2004).
The classification of the first BPT diagram type using all four emission lines with a S/N >  3 was used first. This classified about 67% of the bluer and the redder peaks. Galaxies with only three significant emission lines in the first diagram type were classified using the upper or lower limits, which comprises about 16% of the blue and the redshifted peaks. With the second and the third types of BPT diagrams, we only classified 0.4% of the two peak components with all four emission lines having a S/N >  3. Numerous peak components could not be classified using the upper or lower limits in the second or the third diagram types. This is because if the [NII]6585 line is weak, the [SII]6718, [SII]6733 or the [OI]6302 lines are usually not detected. To directly compare the DPS with the CS and the NBCS, we also performed the same BPT classification as for the CS and NBCS but with the non-parametric emission line fit performed by Chilingarian et al. (2017). This classification shows 80–90% agreement with those DP, classified the same way in each component (e.g. double SF). We present the final BPT classification in Table 4 for all the three samples, namely DPS, CS and NBCS.
Table 4.

Classification based on BPT diagrams (see Fig. 7).


We classified 88 945 (99.5%) galaxies of the CS, 5032 (98.1%) of the NBCS and 5423 (95.4%) galaxies from the DPS with an individual classification and 4818 (85.1%) using the non-parametric fit. The majority of the CS galaxies are SF 92%, while only a small amount is classified as COMP (5%) and only a few galaxies, about 2% (resp. 1%), are classified as AGN (resp. LINER). This is not surprising since we know from Fig. 5 that the CS comprises many small galaxies. This classification is different for the NBCS: the majority (55%) is still classified as SF but we find around 24% to be classified as COMP, and 13% (resp. 6%) as AGN (resp. LINER). In comparison, we classified 45% of the DPS as SF using the non-parametric emission line fit. About 38% of the DPS are classified as COMP showing that we find less SF and more COMP galaxies in comparison to the NBCS. We find a similar AGN fraction of about 11% (13%). We find twice the fraction of galaxies classified as LINER in the NBCS (6%) in comparison to the DPS (3%).
By classifying each emission line component of the DPS, we find 29% (resp. 17%) to be classified as SF (resp. COMP) in both emission line components. We also find 14% of the DPS galaxies with one component to be classified as SF and the other one as COMP. According to Kewley et al. (2006b), COMP galaxies are a combination of a SF and a AGN nucleus or a SF and LINER emission. Counting all galaxies which have at least one emission line component classified as COMP, we find 45%. This is an excess of about a factor 2 in the DPS in comparison with the NBCS (24%). Counting only all galaxies classified as ‘double SF’ or ‘SF and uncertain’ in the second peak, we find 39% of the DPS, which is significant less in comparison with the NBCS (55%).
Many works published in the recent years were focused on double-peak emission line AGNs with the motivation to find dual AGNs (see Sect. 1). Here, we do not observe the DPS to be dominated by this type of galaxies. We observe about 7% double AGN or LINER classification and 3% with one AGN or LINER and one uncertain. We furthermore find 6% to show a mixed classification with one AGN or LINER component. In comparison with the NBCS, which comprises about 19% to be classified as AGN or LINER, we find less AGN and LINER in the DPS. We recall that QSO and Seyfert1 galaxies have been excluded from the RCSED (Schneider et al. 2010; Chilingarian et al. 2017), which can explain the lack of galaxies classified as AGN in this catalogue (see also Sect. 2.4). Smith et al. (2010) concentrated on DP QSO and find 148 DP galaxies, which are not treated in this work (see Sect. 2.4).
3.2. Morphological classification
We identified the morphological types of our galaxy samples using Domínguez Sánchez et al. (2018), which is a machine-learning-based algorithm to identify different types of galaxy morphologies. Different neuronal networks have been trained with SDSS gri colour composite images on various criteria to determine their morphology. To classify our samples, we used the following variables to define the probability of an observed feature: Pdisc for disc features, PS0 for S0 galaxies, Pedge-on for edge-on orientation, Pmerger for visual merger and Pbar for a bar structure. The T-type relates each galaxy to a type classification on the Hubble sequence. To classify spiral galaxies according to their inclination, we calculated the inclination angle i as:
[image: thumbnail](5)
where b/a is the r-band minor-to-major axial ratio estimated by Meert et al. (2015), while q0 is the intrinsic axial ratio of galaxies observed edge-on and is set to q0 = 0.2. The inclination for galaxies with b/a <  0.2 is set to 90° (Catinella et al. 2012; Aquino-Ortíz et al. 2018). Relying on Domínguez Sánchez et al. (2018) and through inspection of the selected SDSS images, we find the following arguments:
– Late-type galaxies (LTG), which are disc dominated2, are selected by T-type >  0 and Pdisc >  0.5.
– Face-on are identified as LTG with an inclination angle smaller than 30°. To further decrease the false-positive detection rate, we demand Pedge-on <  0.1.
– Edge-on and strongly inclined galaxies are selected as LTGs with an inclination angle larger than 70° and Pedge-on >  0.4.
– Barred galaxies are LTGs with Pbar >  0.9 and Pedge-on <  0.5
– S0 galaxies are selected by a T-type ≤ 0, PS0 >  0.6, Pdisc <  0.3 and Pedge-on <  0.4
– Elliptical are characterised by a T-type ≤ 0 and PS0 <  0.3
– Merger galaxies are selected by using Pmerger >  0.9. This high threshold provides a sub-sample of merger with high purity enabling to test if visible merging processes are at the origin of DP galaxies.
To compare our galaxy samples with respect to their morphological classification, we did not apply any subjective correction to the selection. We computed the fraction of all classified types for the DPS, the CS and the NBCS in Table 5. Figure 8 displays the redshift distribution for the different morphological types of the DPS and the NBCS. We observe merger and S0 galaxies to be more distant in comparison to LTG and elliptical galaxies. This can be the result of a classification bias as discussed in the training sample (Willett et al. 2013) used for the classification in Domínguez Sánchez et al. (2018). We thus might misclassified LTG as S0 galaxies because of their distance. In Fig. D.2, we illustrate the morphological types, by showing 20 randomly selected galaxies for each type (except for the face-on LTGs, for which we show all ten cases).
	[image: thumbnail]	Fig. 8.
Redshift distribution of the DPS for LTG, S0, merger, and elliptical galaxies. We unified the histogram surface of all four samples to 1.




Table 5.

Morphological classification of the DPS, the CS and the NBCS.


In Table 5, we find that the majority of the CS galaxies are not classified (62%). This is due to a classification bias against small and weak galaxies (Domínguez Sánchez et al. 2018). The numbers of not classified galaxies in the DPS and the NBCS are comparable (35% and 38%). By comparing the morphological classification of the DPS and the NBCS, we find two noticeable effects. On the one hand, LTG are less numerous in the DPS (16%) than in the NBCS (30%). On the other hand, more S0 galaxies are present in the DP (36%) than in the NBCS (20%). These results are visualised in Fig. 9.
	[image: thumbnail]	Fig. 9.
Fraction of different morphological types for the DPs and the NBCS. The error-bars represent the binomial errors.




We find in both samples a similar merger rate of ∼10%. This observation is a priori contradictory to the idea of a DP structure due to a major galaxy merger but does not exclude the possibility that DP galaxies might be minor mergers, post-mergers or hidden merger. Furthermore, the same merger rate (10%) was found in a recent double-peak sample in the Large Sky Area Multi-object fibre Spectroscopic Telescope survey (Wang et al. 2019b). As a cross-check, we performed a visual inspection of the first 1000 galaxies in the DPS and the NBCS. We find a merger rate of 11.4% (resp. 11.7%) for the DPS (resp. NBCS), which is close to the merger rate we extracted from Domínguez Sánchez et al. (2018). By lowering the selection threshold for mergers (e.g. Pmerger >  0.8 or Pmerger >  0.7), we do not detect different merger rates in the DPS and the NBCS, but higher rates of misclassification.
We also classified LTGs in face-on (0.2%), edge-on (1.0%), and bar (1.9%) galaxies. We chose strict selection criteria to avoid false-positive classification for face-on and edge-on galaxies. These galaxy types are interesting since edge-on galaxies may exhibit a double horn due to a rotating disc, while face-on galaxies should not exhibit rotation in form of a DP. We do not observe any excess of edge-on galaxies in comparison to the NBCS (2.2%). In Sects. 4.3.3 and 4.3.4, we discuss arguments using the inclination.
We also provide cross-matches between the morphological types and the BPT classifications in Tables D.1 and D.2 and provide a statistical significance test in Appendix A.
4. Analysis
4.1. General characteristics
To describe the characteristics of the DPS and compare them with the NBCS and the CS, we show in Fig. 10 the distribution of six parameters: the Galactic extinction and k-corrected absolute magnitude of the r-band Mr, SSFR = SFR/M⊙, the luminosities of the [OIII]λ5008 and Hαλ6565 emission lines, stellar population ages, and stellar metallicities.
	[image: thumbnail]	Fig. 10.
Different parameters distributions of the DPS (red), the CS (blue) and the NBCS (black). The surfaces of all histograms are normalised to unity. In the upper left panel, we compute the absolute AB magnitude in the r-band with Galactic dust and K-corrections estimated by Chilingarian et al. (2017). The lower left panel shows the specific star formation ratio (SSFR) computed by Brinchmann et al. (2004). The middle upper (resp. lower) panel presents the absolute luminosity of the [OIII]λ5008 (resp. Hαλ6565) emission line. The absolute luminosity is calculated using the flux of the non-parametric emission line fit provided by Chilingarian et al. (2017). The right upper panel computes the age assumed by a single stellar population fit by Chilingarian et al. (2017). The right lower panel shows the stellar metallicity computed by Chilingarian et al. (2017).




In every distribution, the CS differs from the DPS whereas the NBCS shows good agreement with the DPS, except for the Hαλ6565 luminosity. We discuss in Sect. 4.2 that this is related to a significant difference in the star formation activity. As discussed in Sects. 2.2.3 and 2.3, the CS follows a different stellar mass-redshift distribution in comparison to the DPS and the NBCS. On average, the CS shows smaller Mr, higher SSFR and smaller absolute luminosities in the [OIII]λ5008 and Hαλ6565 line than the DPS and the NBCS. This different behaviour observed for galaxies of the CS is mainly due to a sensitivity bias: low-mass galaxies pass the signal-to-noise ratio cut on the emission lines while the DPS and NBCS are large-mass galaxies (see Sect. 2.3).
The differences in the DPS and NBCS Hαλ6565 luminosities are small: LHα(DPS) = 41.16 ± 0.36 and LHα(NBCS) = 40.96 ± 0.42 (mean and standard deviation). However, using a the non-parametric Kolmogorov-Smirnov test to distinguish weather the two distributions are the same or not, we find a k-statistic of 0.235 marking the maximal distance of the cumulative distribution function and a p-value of 5 × 10−130, strongly indicating that these two distributions are different.
We checked the extinction based on the Balmer decrement and found that DPS galaxies have slightly more extinction (0.25 mag higher in V) than the NBCS galaxies, while this effect is stronger for LTG and S0 galaxies (see Fig. C.1).
To approximate stellar ages, we used the spectral continuum fit performed with a SSP (Chilingarian et al. 2017). Due to the cut on the stellar masses (see Figs. 5 and 6), the CS is dominated by young stellar populations with an SSP-based age between 1 and 2 Gyr in 52% of the galaxies. Nearly all (97%) of these young galaxies are classified as SF (see Sect. 3.1). The NBCS and DPS show comparable distributions but with on average an older stellar population than for the CS. The majority (74% and 71% respectively) of the two samples is younger than 5 Gyr, while 47% (DPS) and 66% (NBCS) of these young galaxies are SF galaxies. We also find that 29% (resp. 23%) of the young DP galaxies (resp. NBCS) are classified as COMP. Last, we find 15% of the DPS to be classified with one peak as COMP and the second one as SF. As discussed in Sect. 3.1, we find an excess of the percentage of SF galaxies in the NBCS and CS whereas we do not find such a high excess in the DPS. We also show the stellar metallicity, computed by Chilingarian et al. (2017), and find that the DPS and the NBCS follow the same distribution, whereas the CS shows a different distribution with lower metallicity values. This is expected due to the difference in stellar mass of the different samples (Tremonti et al. 2004).
While we find many differences between the DPS and the CS, the NBCS and DPS distributions are similar. The NBCS is therefore well suited to identify the peculiarities of the DPS.
4.2. Star formation vs. AGN excitation
SF is important to characterise the state of evolution of a galaxy and to estimate its growth rate. In Sects. 3.1 and 4.1, we find that the majority of the DPS, CS and NBCS show SF activity. At the same time, we find AGN activities (or galaxies classified as COMP) in the NBCS and the DPS. To further analyse and compare our samples, we used diagnostic colour-colour diagrams, specific star formation rate (SSFR) and stellar mass diagrams and compare the SFR of the 3″ SDSS fibre and of the total galaxy. According to Salim et al. (2007), the SFR of AGN computed by Brinchmann et al. (2004) can be overestimated. We therefore used the NUV-band to compute the SFR and found a good agreement to the SFR measured by Brinchmann et al. (2004) for our galaxies classified as AGN. We discuss AGN excitation of galaxies classified as composite galaxies and cross-match our catalogues with radio observations.
In Fig. 11, the g − r vs. NUV − r colour-colour diagram shows a single sequence with the star-forming blue cloud and the red sequence, characterised by quenched star formation (Strateva et al. 2001; Hogg et al. 2002; Ellis et al. 2005), separated by a critical value of NUV − r = 4.75. The blue cloud (resp. red sequence) is approximately represented by blue (resp. red) contours for LTGs (resp. elliptical galaxies) from the RCSED (compare with Chilingarian & Zolotukhin 2012). We find the DPS to be situated in the upper region of the blue cloud and only some outliers in the red sequence. We do not find significant effects for the different subsets classified in Sect. 3. We can thus conclude that the DPS and the NBCS are not quenched and are mainly associated with the main star forming sequence. The distribution of the DPS is more concentrated in the range centred at NUV − r ∼ 3.5 than the NBCS (NUV − r ∼ 3.0), which is centred in the blue cloud. This shift towards redder colours can be explained by considering shorter time scales τ of an exponential declining star formation history, as shown in Chilingarian & Zolotukhin (2012).
	[image: thumbnail]	Fig. 11.
Colour-colour relation between g − r and NUV − r. We present LTG and elliptical galaxies selected from the RCSED catalogue using Domínguez Sánchez et al. (2018) as blue and red contours and show the DPS (resp. NBCS) as black dots in the top panel (resp. lower panel). We display the best-fitting polynomial surface equation of constant absolute z-band magnitudes with coloured lines (Chilingarian & Zolotukhin 2012).




However, this is not the case for the DPS as their mean τ is slightly larger than for the NBCS. We argue that these redder colours are most probably to the mean extinction estimated to AV = 0.25, as displayed in the last column of Fig. C.1.
We can notice some galaxies in the DPS situated below the two sequences in Fig. 11. This area is associated with post starburst galaxies which underwent a recent massive starburst that is now quenched (Chilingarian & Zolotukhin 2012). Such galaxies can be also situated in the surface, as they can be biased when a strong Hαλ6565 line contributes to the r-band magnitude, shifting the position of the galaxies into the plane. We find that this is not the case for DP galaxies, nor the NBCS. To confirm this, we studied the colour-colour diagram with colours g − z and NUV−z, where this off-plane shift disappears.
In Fig. 12, we show the SSFR, taken from Brinchmann et al. (2004), as a function of the stellar mass, computed by Kauffmann et al. (2003). With this diagnostic diagram, Schiminovich et al. (2007) distinguished between the blue and the red sequence in terms of SSFR and stellar mass. Salim (2014) associated intermediate NUV−r colours known as the “green valley” with intermediate star formation of −11.8 <  log(SSFR/M⊙) <  −10.8 suggesting that these galaxies might be in transition. In Fig. 12, we show the distribution of LTGs and elliptical galaxies selected from the RCSED as reference. We display the 50%, 68% and 95% contour levels of different morphological types of the DPS and the NBCS. We find, depending on the morphological type, between 6% and 26% (resp. 8% and 43%) of the DPS (resp. NBCS) showing intermediate star formation. We only find a significant difference between the DPS and the NBCS for elliptical galaxies: only 26% of the elliptical DP galaxies show intermediate star formation whereas 43% of the elliptical galaxies of the NBCS are situated in this region. We find indeed very similar distributions for all different morphological types of the DPS and thus conclude that SF and the stellar mass are not depending on the morphological type.
	[image: thumbnail]	Fig. 12.
SSFR as a function of stellar mass. The top left panel presents LTG and elliptical galaxies selected from the RCSED catalogue using Domínguez Sánchez et al. (2018) as blue and brown contours. These contours are also shown as a reminder in the other panels. We show contour lines indicating the 50%, 68% and 95% level for different morphological subsamples of the DPS (red) and the NBCS (black). We indicate with blue dashed lines the region of intermediate star formation (−11.8 <  log(SSFR/M⊙) <  −10.8) (Salim 2014) and display the percentage of the morphological types situated in this zone.




To discuss the SF in a quantitative way, we used SFRs estimated by Brinchmann et al. (2004) for the entire galaxies (SFRtotal) and for the 3″ SDSS fibre (SFRfibre). Since the proportion of a galaxy covered by the 3″ fibre depends on its redshift, we divided the DPS and the NBCS into three groups of redshift ranges: z <  0.075, 0.075 <  z <  0.125, and 0.125 <  z. In order to discuss the SF activities in detail, we especially examined the sub-samples classified as double SF and AGN, using the BPT classification performed in Sect. 3.1.
Hence, we present the comparison between the DPS and the NBCS with the difference between total and 3″ absolute r-band magnitude, the ratio of the Petrosian radii of 90% and 50%, the SFRfibre and the ratio ℛ = SFRfibre/SFRtotal. We show these observables for the three redshift groups for galaxies of the DPS classified as double-SF (resp. double-AGN) and SF (resp. AGN) galaxies of the NBCS in Fig. 13 (resp. Fig. 14). For double-SF galaxies of the DPS, we find an excess of luminosity in the centre and a higher SFRfibre in comparison to SF galaxies of the NBCS. This excess is most prominent for galaxies with a redshift z <  0.125, corresponding to maximal fibre diameter of 7.6 kpc. With respect to SFRtotal, we find a clear enhanced-central-SF activity for double-SF galaxies of the DPS in comparison to SF galaxies of the NBCS. We find a median SFR ratio for double-SF galaxies of the DPS with a redshift z <  0.075 of [image: equation]. For SF galaxies of the NBCS in the same redshift range we find [image: equation]. We find similar values for galaxies with a redshift 0.075 <  z <  0.125, whereas this effect is slightly weaker for galaxies with z >  0.125. This is due to the fact that for more distant galaxies the 3″ fibre covers the majority of the surface of the galaxies, therefore SFRfibre tends to SFRtotal. We summarise the median SFR ratios and the 68-percentile for different galaxy types in Table 6. We also find an enhanced-central-SF for LTGs, S0 galaxies and galaxies classified as double COMP at lower redshift.
	[image: thumbnail]	Fig. 13.
Distribution of different observables within the 3″ SDSS fibre. We show in three columns three different ranges of redshift. We present galaxies of the DPS which are classified as double SF in red and galaxies classified as SF of the NBCS in black (see Sect. 3.1) In the top row we show the difference in absolute r-band magnitude of the total galaxy and the 3″ SDSS fibre. The colours are Galactic dust- and k-corrected (Chilingarian et al. 2017). In the second row we present the ratio of the radii comprising 90% and 50% of the Petrosian luminosity (Petrosian 1976) approximating the central brightness in comparison to the total galaxy. We show the star formation ratio of the 3″ SDSS fibre SFRfibre in the third row and the ratio between fibre and total star formation (SFRfibre/SFRtotal ) in the bottom row (Brinchmann et al. 2004).




	[image: thumbnail]	Fig. 14.
Comparison of absolute r-band magnitude, Petrosian radii and SFRfibre and SFRtotal as in Fig. 13 but with DP galaxies classified as AGN in both peak components (red) and galaxies of the NBCS classified as AGN (black).




Table 6.

Median ratios of fibre and total SFR.


Double-AGN of the DPS follow the same SFRfibre and SFRtotal distributions as the AGNs of the NBCS and no enhancement of central SF activity or central luminosity is observed as shown in Fig. 14.
With the BPT classification in Sect. 3.1, we find less SF but more COMP galaxies in the DPS in comparison to the NBCS. Since COMP galaxies are understood to be a mixture of SF and AGN (Kewley et al. 2006b), we quantified the AGN excitation using the [OII]λ3728 and the [NeV]λ3426 emission lines.
(1) The ratio [OII]λ3728/[OIII]λ5008 can be used to distinguish between a pure AGN and SF. From photo-ionisation models, a value between 0.1 and 0.3 is used for a pure AGN (Tammour et al. 2015), while above a value of 0.3, the [OII]λ3728 flux is thought to be produced in SF sites (Osterbrock & Ferland 2006). Using the non-parametric emission line fit from Chilingarian et al. (2017), we find a mean ratio of [OII]/[OIII] = 0.23 ± 0.14 for galaxies classified as double AGN. For double SF (resp. COMP) galaxies, we find [OII]/[OIII] = 1.57 ± 0.56 (resp. 1.14 ± 0.54). This indicates that galaxies which are classified as COMP are dominated by SF. This effect can also be biased by extinction in dusty galaxy centres and must therefore be considered with caution.
(2) We then discuss galaxies with AGN activity based on the detection of the high-ionisation [NeV]λ3426 emission line (Gilli et al. 2010; Vergani et al. 2018). Due to redshift, the [NeV]λ3426 line is only detected in SDSS spectra from z >  0.2. We inspected spectra of the DPS galaxies classified as double-SF, -COMP and -AGN for [NeV]λ3426 detection. We find no galaxies classified as double-SF contrary to 62% of the galaxies classified as double-AGN having a detectable [NeV]λ3426 line. Only 4% of the z >  0.2 galaxies classified as double COMP show this line which supports the evidence that these are SF galaxies.
To discuss further aspects on the connection between AGN excitation and SF in our galaxy samples, we cross-matched the DPS and the NBCS with surveys of radio observations. It has been known for a long time that non-thermal radio emission is linearly correlated to the far-infrared flux (Helou et al. 1985; Condon 1992; Sanders & Mirabel 1996), while IR luminosity is a good SF tracer (e.g. Kewley et al. 2002). More recently, the radio luminosity at 150 MHz has been considered as a potential tracer of SF (Calistro Rivera et al. 2017; Wang et al. 2019a). We useed FIRST at 1.4 GHz (White et al. 1997) and the first data release of the LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al. 2019) at about 150 MHz. Roughly 20% (1154) of the DPS are detected with FIRST, but only 8% (395) of the NBCS. In the observed field of the LoTSS DR1 we find a detection rate of 73% (237) for the DPS and 56% (191) for the NBCS. We find a significant excess of radio sources at 1.4 GHz and a higher detection rate at 150 MHz for the DPS in comparison to the NBCS. We will further explore the radio properties of these galaxies in Maschmann et al. (in prep.).
4.3. Kinematic properties of the double-peak galaxies
4.3.1. Velocity distributions
To explore the gas and star kinematic properties of our samples, we present basic velocity estimates to assess possible differences between the DPS, the CS and the NBCS. In Fig. 15, we show the stellar velocity dispersion σ* and the gas velocity dispersion σgas.
	[image: thumbnail]	Fig. 15.
Velocity dispersion distributions for the CS (blue), the NBCS (black) and the DPS (red, purple and orange). The left panel displays the stellar velocity dispersion σ* computed from Chilingarian et al. (2017). The second panel shows the gas velocity dispersion σgas. We compute the Gaussian emission line dispersion for the CS and the NBCS from (Chilingarian et al. 2017). For the DPS, we display the σ1, 2 of the emission line components, which is closer to the galaxy stellar velocity in units of σ1, 2 in magenta and the component which is more offset in cyan. For better comparisons, we unify the surface of the histograms of the left (resp. right) panel to 150 (resp. 100).




The stellar velocity dispersion was computed in Chilingarian et al. (2017), fitted with a SSP and an EXP-SFH (see Sect. 2). We computed the [image: equation] for both fit functions and selected the resulting stellar velocity dispersion from the best fitting function.
To compute the gas velocity dispersion for the CS and the NBCS, we used the velocity dispersion measured for all Balmer and forbidden lines in Chilingarian et al. (2017) and show the one of the strongest line. For double-peak emission lines, we used the stacked emission line spectra (see Sect. 2.2.2) and compute the σclose which corresponds to the DP component closer to the galaxy velocity in units of σ and σfar to the component which is more offset.
As shown in Fig. 15, we observe a higher σ* for the DPS in comparison with the CS and the NBCS. The gas velocity dispersion σgas indicates higher velocities for the NBCS and the DPS in comparison to the CS. This is expected from the Tully-Fisher relation, since these two samples comprise more massive galaxies (Tully & Fisher 1977). For the DPS, we find the velocity dispersions, measured for the close peak, to be compatible with the gas velocity dispersions of the NBCS. For the far peak of the DPS, the velocity dispersions are systematically smaller.
4.3.2. Single Gaussian approximation for DP
To discuss possible mechanisms behind double-peak emission lines, we need to compare the gas kinematics of the DPS and the NBCS. In order to do so we used the single Gaussian approximation of the double-peak emission lines, as computed in Sect. 2.2.2.
A single Gaussian fit to the complex line shape of DP galaxies provides a measure of the velocity dispersion assuming the DP originates from one system. In Fig. 16 we show one stacked emission line, the double Gaussian fit and the single Gaussian fit performed in Sect. 2.2.2.
	[image: thumbnail]	Fig. 16.
Single Gaussian approximation. We compute the two Gaussian functions resulting from the double Gaussian fit procedure to the stacked emission line in Sect. 2.2. The blueshifted component is represented by a blue and the redshifted by a red line. In orange, we show the best fit of a single Gaussian function.




In Fig. 17, we show σ* on the x-axis and on the y-axis σgas for the NBCS and σsingle for the DPS. We display the median and the 68% percentile of σgas and σsingle with a binning according to σ*. The emission line parameters σ1, 2 and ΔvDP of the DPS are restricted by a lower limit, defined with the spectral resolution (see Sect. 2.2.2). We thus find a lower threshold of 114  km s−1. Similarly, for the NBCS, we find a minimal σgas of 43  km s−1.
	[image: thumbnail]	Fig. 17.
Comparison of the stellar velocity distribution σ* computed by Chilingarian et al. (2017) with the gas velocity distribution σgas for the NBCS and the velocity distribution of the single Gaussian approximation σsingle for the DPS. We show in red (resp. black) points the median and the 68% quantile for a binning according to σ* of the DPS (resp. NBCS). For the DPS, the limitations in σ1, 2 and ΔvDP of the double Gaussian fit are restricted by the spectral resolution (see Sect. 2.2.2), leading to a restriction of a minimal σsingle, indicated with a red line. We also show the minimal σgas for the NBCS as a black line and the best fit of a linear function as a black dashed line.




By comparing σgas with σ* of the NBCS, we find a linear relation described by σgas = 0.71 σ* + 23.8 km s−1 (black dashed line in Fig. 17). This relation might be valid for σsingle and σ* of the DPS for higher velocities (σ* >  150 km s−1). In this regime, we can assume a linear relation for the DPS but we still find a shift towards higher velocities in comparison to σgas of the NBCS. This suggests that the gas components of DP galaxies show higher velocities in comparison to σ*, or that one part of the ionised gas is strongly perturbed or has an external origin.
4.3.3. Inclination
A double-peak emission line shape can of course also originate from a rotating disc. This has been discussed in detail in Elitzur et al. (2012) and shown in simulation in Kohandel et al. (2019). In order to test this specific scenario, we used a single Gaussian approximation of the double-peak emission lines (see Sect. 4.3.2) which, in the case of a rotating disc, would be an approximation for the gas velocity dispersion. We assumed here that the rotation disc is the main disc of the galaxy, and study the correlation of the velocity dispersion with the inclination angle i defined with the photometric analysis. Hence, we calculated the inclination angle following Eq. (5) using the minor-to-major axis measured by Meert et al. (2015) which provides reasonable results for spiral and S0 galaxies if the disc component exhibits good fit results (see Meert et al. 2015, for more details on fit results). As a cross-check for the measured inclination, we followed Yip et al. (2010) and find a dependency between the inclination angle and the Balmer decrement Hα6565/Hβ4863 used to calculate the inner galactic extinction. This trend is comparable to the one observed for the NBCS, but, as mentioned above, the extinction is slightly larger (0.25 mag) for DPS than for NBCS.
The area covered by the 3″ SDSS fibre depends on the redshift. The measured gas velocity dispersion of a rotating disc depends on the area integrated by the spectroscopic observations. We thus defined three redshift groups as in Sect. 4.2 for this analysis: z <  0.075, 0.075 <  z <  0.125, and 0.125 <  z. In Fig. 18, we present the estimated inclination angle i as a function of various gas velocity measurements for the DPS and the NBCS. The NBCS is represented by the gas velocity dispersion σgas (see Sect. 4.3.1). For the DPS, we display σsingle from the single Gaussian approximation (Sect. 4.3.2), ΔvDP from the stacking procedure (Sect. 2.2.2) and σclose and σfar as described in Sect. 4.3.1. For galaxies with a redshift z >  0.075, we see a clear correlation in the NBCS between σgas and the galaxy inclination i. This correlation between σgas and i can be explained by a rotating disc. In contrast, we do not find any dependencies between the displayed velocities of the DPS and i in any redshift range. The absence of such a correlation for the DPS disfavours the rotating (main-) disc scenario.
	[image: thumbnail]	Fig. 18.
Influence of the inclination on the velocity dispersion. We show different velocity dispersion distributions as a function of the galaxy inclination for different groups of redshift. We only show LTG and S0 galaxies for which we can compute the inclination using Meert et al. (2015). For the DPS, we show ΔV with red dots, σsingle of the single Gaussian approximation in blue (see Sect. 4.3.2) and in magenta (resp. cyan) the σ of the emission line component which is closer (resp. offset) to the stellar velocity in units of σ. We show the σgas for the NBCS with black dots. All data points represent the medians in the inclination intervals and the error bars the 16th to 84th percentiles.




4.3.4. Tully-Fisher and Faber-Jackson relations
The velocities measured in galaxies are tightly correlated to their size. This relation was first discovered by Faber & Jackson (1976) for the stellar velocity dispersion and the absolute magnitude of elliptical galaxies (FJR). They concluded that the luminosity L of a galaxy is consistent with the relation [image: equation]. In parallel, a good relation between the full-width at 20% of the maximum of the HI profile, corrected to the inclination of the galaxy, and the galaxy size was found by Tully & Fisher (1977) for spiral galaxies. This Tully-Fisher relation (TFR) is usually understood as the self-regulation of star formation in the disc (e.g. Silk 1997).
The parameters of these relations have been later measured with higher accuracy. Here, we used for the FJR: log(σ*/km s−1) = −0.90 ± 0.12 + (0.29 ± 0.02) log10(M*/M⊙), measured by Gallazzi et al. (2006). For the TFR, we use: log10(vrot/km s−1) = − 0.69 + (0.27 ± 0.01) log10(M*/M⊙), measured by Avila-Reese et al. (2008), where vrot is the rotation velocity, calculated as in Catinella et al. (2005) and Aquino-Ortíz et al. (2018): vrot = W/[2 sin i], where i is the inclination angle (see Eq. (5)) and W the difference between the 10th and the 90th percentile of the velocity measurements. Since we do not have spatially resolved information on galaxy kinematics, we approximated from a Gaussian shaped emission lines the 10th and the 90th percentile as W = 2.56σ (this is close to the full-widths half maximum of a Gaussian at 2.36σ). We calculated vrot for the TFR using σgas for the CS and the NBCS (see Sect. 4.3.1) and σsingle, σclose and σfar for the DPS (see Sects. 4.3.1 and 4.3.2). We take the stellar mass log(M*/M⊙) measured by Kauffmann et al. (2003) for the TFR and FJR. In the case where we display only one of the DP (the close or the far peak), we approximated the fraction of the stellar mass for each peak as log(f1, 2 M*/M⊙). We assumed f1, 2, the mass fraction of each peak, to be the same fraction as the total emission line flux of the stacked lines. This is a rough approximation but would be our best guess to assume each peak corresponds to one component of a hidden merger.
In Fig. 19 (resp. 20), we present the TFR for LTG (resp. S0) of the DPS, the CS and the NBCS. We find good agreement for LTG of the CS and the NBCS with the parameters for the TFR found by Avila-Reese et al. (2008). We find that, for the LTGs of the DPS, the rotation velocity calculated with σsingle does not follow the TFR. We measure vrot to be higher than expected for the measured masses. We find a good agreement using σclose whereas rotation velocities calculated with σfar are shifted towards lower velocities. For S0 galaxies, we observe the same velocity shifts as shown in Fig. 20. S0s and LTGs have a similar behaviour: σsingle is offset with respect to the NBCS distribution considering the two peaks as individual galaxies following this distribution. In both TFRs, we find some outliers with extreme vrot values. By individual inspection, we find these velocities to be the result of a small inclination and/or very broad peak component.
	[image: thumbnail]	Fig. 19.
Tully-Fisher relation (TFR) for LTGs. We compute the rotational gas velocity vrot for the NBCS and CS (black and blue contour lines) using the gas velocity dispersion σgas (see Sect. 4.3.1). For the DPS, we use the σsingle of the single Gaussian approximation in the top panel. In the second panel, we show the TFR for the close and far peak-components of the DPS (see Sect. 4.3.1). The stellar masses are computed by Kauffmann et al. (2003). We show the best fit computed by Avila-Reese et al. (2008) as a dashed line.




	[image: thumbnail]	Fig. 20.
Same as Fig. 19, but for S0 galaxies. The dashed line corresponds to the best fit of Avila-Reese et al. (2008).




In Fig. 21, we show the FJR (M* vs. σ*) for elliptical and S0 galaxies. As a reference, we used the best fit from Gallazzi et al. (2006) as a dashed line. We find good agreement for elliptical galaxies of the DPS, CS and the NBCS. For S0 galaxies, we find in the NBCS and the CS systematically lower σ*, whereas the DPS shows velocities agreeing with those of elliptical galaxies with the same stellar mass. This is in agreement with the result discussed in Fig. 15 that the stellar velocity dispersion is larger for the DP galaxies, supporting again a large system composed of the superposition of two systems.
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Faber-Jackson relation for elliptical and S0 galaxies using the stellar velocity dispersion taken from Chilingarian et al. (2017) on the x-axis and the stellar masses computed by Kauffmann et al. (2003) on the y-axis. We show the best fit computed by Gallazzi et al. (2006) in dashed lines.




4.4. Morphology and galaxy environment
We studied the environment of the DP galaxies with the galaxy group catalogue provided by Yang et al. (2007)3 and Saulder et al. (2016). Yang et al. (2007) is a halo-based group finder algorithm, determining the group masses and identifying each member of groups using the redshift. About 90% of the DPS and the NBCS are covered by this catalogue. Saulder et al. (2016) calibrated a group finder algorithm with simulation data providing a higher sensitivity to different kinds of galaxy groups up to a redshift of z <  0.11 (47% of the DPS and NBCS). In this redshift range, they cover 97% (resp. 98%) of the DPS (resp. NBCS).
We used galaxy groups sizes as discussed in Blanton & Moustakas (2009): a poor group holds 2 to 4 members, a rich group 5 to 9 and a cluster more than 10. With Yang et al. (2007), we find 64% (resp. 66%) of the DPS (resp. NBCS) to be isolated, 19% (resp. 17%) in poor groups, 3% (resp. 4%) in rich groups and 4% (resp. 4%) in clusters. To compare this result with Saulder et al. (2016), we looked at the fraction for galaxies with redshift z <  0.11 and find similar fractions as above. Using Saulder et al. (2016), we find 45% (resp. 45%) of the DPS (resp. NBCS) to be isolated, 34% (resp. 33%) in poor groups, 11% (resp. 12%) in rich groups and 9% (resp. 12%) in clusters. We detect fewer isolated galaxies in comparison to Yang et al. (2007), which is due to the higher sensitivity of group identification.
In Table D.3, we present the fractions of the environmental classification for the morphological types (see Sect. 3.2). Analysing group properties such as number of group members, distance to the closest neighbour or the velocity dispersion of a galaxy group, we only find a difference between the DPS and the NBCS for elliptical galaxies (Saulder et al. 2016). In the DPS (resp. NBCS), we find 23% (resp. 41%) of the elliptical galaxies to be situated in a dense environment (rich groups or clusters), whereas 72% (resp. 58%) are situated in less dense environments (isolated galaxies or poor groups).
S0 galaxies are usually observed more abundant in clusters than in the field (Dressler 1980), but this is not the case here. In the DPS and the NBCS, we find about 80% of the S0 galaxies to be situated in less dense environments. We do not find any differences in the fraction of isolated S0 galaxies selected in the DPS and the NBCS, but we clearly see that most of the selected S0 galaxies are isolated. Even though we find an excess of S0 galaxies and a lack of LTGs in the DPS in comparison to the NBCS (see Sect. 3.2), we do not find any connection between the galaxy environment and the morphological type.
Dressler et al. (1997) first observed an increase of S0 galaxies over elliptical fraction in groups from z ∼ 0.5 till today, while the spiral fraction before z ∼ 0.5 corresponds to the S0 fraction observed today. This supports the view that spirals evolve into S0 galaxies due to their environment (Fasano et al. 2000). This has been supported by subsequent observational works (e.g. Wilman et al. 2009). However, this is not the case here as 70% of the DP-S0 galaxies are isolated according to Yang et al. (2007), (or 50% for z <  0.11 according to Saulder et al. 2016), and the behaviour of S0 and LTG are not significantly different in the DPS in terms of excitation mechanisms and dynamics. This apparently contradicts the work of Gao et al. (2018), based on photometric decomposition, who found that the bulges of spirals and S0s are intrinsically different and thus spirals are probably not the progenitors of S0s.
4.5. Non-parametric morphological diagnostics
To further investigate the properties of the different morphological galaxy types, we computed photometric diagnostics for the DPS and NBCS. We used the python package STATMORPH4, which calculates non-parametric morphological diagnostics of galaxy images (e.g. CAS-statistics or the Gini coefficient), as well a fit of a 2D Sérsic profile (Rodriguez-Gomez et al. 2019). Here, we tested our galaxy samples using CAS-statistics composed by concentration (C), asymmetry (A) and smoothness (S), the shape-asymmetry (AS), the Gini-coefficient, the second moment of the galaxy’s brightest regions M20 and the Sérsic index n. For an exact definition and description of these diagnostics, see Rodriguez-Gomez et al. (2019) and references therein. We applied STATMORPH to the r-band 62″ × 62″ Legacy Survey snapshots (Dey et al. 2019).
The CAS-statistics were introduced by Conselice (2003) to distinguish between different morphological types. As discussed in Sect. 4.2, we find for some sub-samples of the DPS a higher concentration, accompanied by a higher central SFR, in comparison to the NBCS. However, we do not find any differences in asymmetry or smoothness between the DPS and the NBCS.
To automatically recognise ongoing or past mergers, Pawlik et al. (2016) introduced the shape asymmetry (AS), which specifically detects galaxies with low-surface-brightness tidal features. We observe higher AS for galaxies classified as mergers than for other types (as expected), but we find for all sub-samples and redshift ranges similar distributions for the DPS and NBCS.
Abraham et al. (2003) applied the Gini coefficient on galaxy imaging in order to determine the galaxy morphology. The Gini coefficient quantifies the inhomegeneity (or “inequality” when applied to human populations) with which a galaxy’s light is distributed. Lotz et al. (2004) combined the Gini coefficient with the second moment of the galaxy’s brightest regions M20 to be able to distinguish between merger and non-merger galaxies. We present this diagnostic in Fig. 22. Galaxies with an ongoing merger process are located on the left of the Gini-M20 diagram, which is marked by a purple line (Lotz et al. 2008). In post coalescence stages, the merger would migrate back to the right where two populations are located: in the upper right part elliptical, S0 and Sa galaxies are located, whereas in the lower right part irregular and spiral galaxies, of type Sb, Sc, Sd, or Irr, are located Lotz et al. (2008). These two regions are separated by a black dashed line. Using hydrodynamical simulations, this diagnostic combined with asymmetry is sensitive to merger time-scales of ∼200−400 Myr for major disc merger and 60 Myr for minor mergers (Lotz et al. 2010b).
	[image: thumbnail]	Fig. 22.
Gini vs M20 coefficients for the DPS (top panel) and the NBCS (lower panel). Blue (resp. orange) contours represent galaxies classified as LTG (resp. S0) and red (resp. green) dots denote elliptical (resp. merger) galaxies (See the classification in Sect. 3.2). The purple line separates galaxies classified as merger on the left hand side and galaxies associated with a Hubble type on the right hand side (Lotz et al. 2004). The lower black dashed line divides elliptical, S0 and Sa galaxies from later types namely Sb, Sc and Irr (Lotz et al. 2008).




Galaxies of the DPS and the NBCS, classified as merger or elliptical, show good agreement between their classification and their position on the Gini-M20 diagram (Fig. 22). Galaxies classified as S0 are spread over the region of early and late Hubble types with similar distributions between the DPS and the NBCS. This diagnostic diagram indicates a difference for LTG of the DPS in comparison to the NBCS: we observe that LTGs of the DPS are mainly (63%) situated in the region associated with earlier Hubble type galaxies, whereas LTGs of the NBCS are mainly situated in the region of later Hubble types (only 35% in the earlier Hubble type region). One might think that Sa galaxies are over-represented in the DPS. However, with respect to the full sample, we detect 10% of the DPS and 11% of the NBCS classified as Sa galaxies. We only find 6% of the DPS that are classified as Sb-d, whereas 19% of the NBCS are of this type. Hence, there is no Sa excess but a deficit of Sb-d galaxies. In Appendix C, we find Sb-d of the DPS to be the only morphological sub-sample that shows larger stellar masses (∼0.2 dex in log(M*/M⊙)) in comparison to LTG galaxies of the NBCS. Additionally, we find the highest difference in extinction of about 0.3 mag in the V band. We furthermore detect a significant excess in star formation in the centre: for Sb-d of the DPS (resp. NBCS), we find a median [image: equation] (resp. [image: equation]).
The shift towards earlier Hubble types of LTGs of the DPS, in comparison to the NBCS, is also supported by the measured Sérsic index, presented in Fig. 23. By comparing the Sérsic index of the DPS with those of the NBCS, we only find a discrepancy for LTGs, all other subsets show similar distributions. This indicates, that LTG of the DPS tend to have larger bulges in comparison to the LTGs of the NBCS.
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Distribution of Sérsic indices, computed by STATMORPH (Rodriguez-Gomez et al. 2019) for the Legacy survey r-band images (Dey et al. 2019), of LTGs of the DPS (red line) and NBCS (black line). The areas under the histograms are normalised to unity.




Interestingly, Nevin et al. (2019) tested the position of simulated minor and major mergers in the Gini-M20 diagram (see their Fig. 7) and found that most minor mergers and about half of the major mergers lie below the purple line, and mainly in the ETG/S0/Sa region (above the black dashed line). This corresponds to the trend discussed in Lotz et al. (2008): post-coalescence galaxies are more concentrated in their light distribution, while tidal features vanish.
In Appendix B, we follow Nevin et al. (2019), who developed a supervised Linear Decomposition Analysis (LDA) in order to compute the predictor coefficients LD1major and LD1minor, defined to identify major and minor mergers. To get comparable results, we restricted our analysis to z <  0.075. We find in cases, such as LTG and S0 galaxies, slightly higher merger rates for the DPS in comparison to the NBCS. This result somehow supports a merging scenario, while it is compatible with the fact DP galaxies might be dominated by post-coalescence mergers that would escape such analysis targeting on-going mergers. This result is compatible with the results discussed above based on the Gini-M20 diagram.
4.6. Summary
We have studied different parameters derived from observations to compare the DPS with the NBCS. The NBCS is defined to have the same redshift and stellar mass distributions as the DPS (see Sect. 2.3).
We find the following similar properties:
– Distributions of absolute magnitudes, stellar ages, metallicities, specific star formation ratio and [OIII]λ5008 emission line luminosities are identical.
– According to their colour-colour and their specific star formation-stellar mass diagrams, most of DPS and NBCS galaxies follow the star forming main sequence, only a few exhibit a quenched SF and some are located in the red sequence.
– Double-AGN behave as NBCS-AGN with respect to star formation: there is no significant central excess.
– If one considers that each peak corresponds to a component, the DPS and NBCS follow the Tully-Fisher relation.
– Elliptical galaxies from DPS and NBCS follow the Faber-Jackson relation.
– The same environment statistics are found for the DPS and the NBCS. Most of S0s are isolated, and the S0s excess observed in the DPS is not due to environment.
We detect the following differences:
– There is an excess of S0s (resp. a deficit of LTGs) in the DPS with respect to the NBCS.
– According to the Gini-M20 diagram, there appears to also be an excess of Sa galaxies in the DPS compared to the NBCS.
– LTG galaxies display higher Sérsic indices in the DPS compared to those in the NBCS.
– Galaxies classified as LINER are less common in the DPS in comparison to the NBCS.
– DPS galaxies show slightly higher absolute luminosities in the Hαλ6565 emission line.
– Double-SF galaxies exhibit a central starburst stronger than SF galaxies from the NBCS.
– Double-COMP, -LTG and -S0 galaxies also have such an excess but less significant.
– Double-COMP are more likely SF galaxies, according to the [OII]λ3728/[OIII]λ5008 line ratio, and to the detection rate of the high-ionisation [NeV]λ3426 emission line at z >  0.2.
– There is slightly more extinction (0.25 mag in V) in DPS galaxies than in their NBCS counterparts.
– All DPS velocity estimators are independent of the inclination, while we do detect a correlation for the NBCS.
– At given stellar masses, stellar velocity dispersions are larger for the DPS than for the NBCS.
– The gas velocity dispersion estimator of the close peak component of the DPS is compatible with velocity dispersions measured for the NBCS, whereas the far peak component of the DPS is not.
– With a single Gaussian approximation, the LTG and S0 galaxies from the DPS are offset from the NBCS TF relation.
– S0 galaxies from the DPS are shifted on the FJ relation from the NBCS.
5. Discussion
In Sect. 5.1, we argue that S0 galaxies detected as gas-rich DP galaxies belong to a star-forming population identified in previous works. In Sect. 5.2, we discuss how our non-parametric analysis revealed that LTG are dominated by Sa galaxies in the DPS. In Sect. 5.3, we propose that the DP galaxies sample is a minor merger sequence which could explain the different results discuss in Sect. 4.6. In Sect. 5.4, we discuss here different observations, which are compatible with the characteristics of the DPS described as a minor merger sequence. In Sect. 5.5, we compare the known properties of the DPS galaxies with respect to those of minor and major mergers. To present a complete discussion, we discuss further explanations of the observation of DP in Sect. 5.6 and find that these only apply to a few galaxies in our sample.
5.1. Star-forming S0s
S0 galaxies are usually described as disc galaxies, which have exhausted their gas content (e.g. Somerville & Davé 2015) and are proposed as a parallel Hubble sequence (van den Bergh 1976; Kormendy & Bender 2012). However, it has been known for several decades that some S0s are not forming stars but host large amounts of HI gas (e.g. Kennicutt 1989). In these early observations of HI-gas-rich S0 galaxies (e.g. van Woerden et al. 1983; Knapp et al. 1984, 1985; Krumm et al. 1985; van Driel et al. 1988), inner and outer rings were already detected, and analysed in simulations (e.g. Athanassoula & Bosma 1985; Buta & Combes 1996). The HI gas has often an Hα − [NII]-counterpart (e.g. Pogge & Eskridge 1993). Observations have shown indeed that about 85% of S0 galaxies host optical ionised gas (e.g. Macchetto et al. 1996; Sarzi et al. 2006) and 72% of those are isolated (Katkov et al. 2015). Kannappan et al. (2009) identified a blue sequence of SF S0 galaxies in the low-mass range that might be fading mergers, while massive S0s, with M >  2 × 1011 M⊙, belong to the red sequence, but up to 2% of these massive S0 are SF. In the blue S0 sequence, they identify central blue colour gradients, which are interpreted as reminiscent of mergers (e.g. Kannappan 2004; Kewley et al. 2006a). Xiao et al. (2016) find about 8% of an S0 sample exhibits central star formation. They also found that the majority of these SF S0 galaxies have a stellar mass below 1010.6 M⊙. Tous et al. (2020) did not find such a mass separation. In their study of these two S0 populations composed of SF and quiescent galaxies, they found that SF S0 galaxies avoid high-galaxy density and that their SFR and spectral characteristics are entirely similar to those seen in LTGs.
Numerous observations show further evidence of various tidal disturbances in the outer parts of S0: outer rings (e.g. Comerón et al. 2014; Sil’chenko et al. 2018), polar rings (e.g. van Gorkom et al. 1987; Whitmore et al. 1990), circum-nuclear polar rings (e.g. Sil’chenko & Afanasiev 2004; Chilingarian et al. 2009; Sil’chenko 2016), counter-rotations (e.g. Katkov et al. 2013, 2014; Ilyina et al. 2014; Katkov et al. 2015, 2016; Pizzella et al. 2018) and cylindrical rotation (e.g. Molaeinezhad et al. 2019). In Katkov et al. (2014, 2015), Proshina et al. (2019), and Sil’chenko et al. (2019), the authors discuss the origin of this counter-rotating gas and argue that S0s might accrete gas probably from filaments or from minor mergers. In parallel, numerous works have shown that S0s can be produced by galaxy mergers including major mergers (Bekki 1998; Querejeta et al. 2015; Tapia et al. 2017; Eliche-Moral et al. 2018) as well as minor mergers (Bournaud et al. 2005; Bekki & Couch 2011).
Here, we clearly detect intermediate-mass S0 galaxies in the mass range 3 × 1010 − 3 × 1011 M⊙ with optical ionised gas, including a large fraction of star forming galaxies. Beside their optical morphology, their kinematic behaviour is similar to those of LTGs. We find similar distributions for LTGs and S0 galaxies in the TFR in Sect. 4.3.4. We argue that the close peak might represent the central galaxy, while the far peak might correspond to a smaller companion or to the result of a recent gas accretion.
5.2. Non-parametric merger identification
In the Sect. 4.5, we compute several non-parametric diagnostics such as CAS-statistics, the shape asymmetry As, the Gini and M20 coefficients and the Sérsic index n to investigate different approaches of merger identification.
Morphological asymmetry is more prevalent in galaxies within close pairs (Patton et al. 2016). Moreover, SF is enhanced in close pairs with small differences in line-of-sight velocities (Patton et al. 2011, 2013). We studied galaxy asymmetries in the DPS, relying on the parameters of Patton et al. (2016). We do not find any asymmetry difference between the DPS and the NBCS nor any connection between SF and asymmetry. In a scenario where the central SF enhancement is due to a merging process, the absence of a significant asymmetry in the DPS would favour later stages of merging processes or mergers hidden inside the fibre. Pawlik et al. (2016) introduced the shape asymmetry to identify later stages of merger in comparison to the asymmetry. We do not find any difference between the DPS and the NBCS using this diagnostics.
We conducted a merger selection based on the Gini-M20 disgnostics, proposed by Lotz et al. (2004, 2008) to separate mergers from non-mergers and to distinguish between late and early Hubble types. We find good agreements with the predictions for S0, merger and elliptical galaxies of the DPS and the NBCS. LTGs of the DPS reveal a systematic effect: they are situated in the region of earlier Hubble types in comparison to LTGs of the NBCS (see Fig. 22). This is in agreement with the fact that we find a tendency towards higher Sérsic index n for LTGs of the DPS in comparison to the NBCS, supporting the idea of a sequence of galaxies thickening towards S0. Last, this is in agreement with the trend discussed in Appendix B with the small positive bias for minor and major mergers observed in the predictor coefficient distributions, as defined by Nevin et al. (2019). These authors also show that numerous simulated (major and minor) mergers lie in the non-merger regions of the Gini-M20 diagram.
Comparing all non-parametric methods, designed to detect merger rates, we do not find a direct relation between on-going mergers and DP structure at z <  0.075. Even though, these diagnostics were developed to detect late and post-coalescence stages of mergers (Pawlik et al. 2016; Lotz et al. 2008, 2010b,a; Nevin et al. 2019), we might see an even later stage, where traces such as fading tidal features are already quite weak and double nucleus beyond spatial resolution. Nevin et al. (2019) defined post-coalescence when the two galactic nuclei are separated by less than 1 kpc, which correspond to the SDSS resolution at z ≤ 0.03. Indeed as the DP feature is based on the central 3″ spectra, it is probable that the discussed diagnostics are not sensitive.
5.3. S0s as a part of the minor merger sequence
Walker et al. (1996) found that in 1:10 minor mergers, the discs are not destroyed but evolve to an earlier Hubble type, while a core of 45% of the satellite initial mass can reach the central kpc in 1 Gyr. This scenario might account for our DPS: high stellar velocity dispersions, two gas components and a similar kinematic behaviour for the different morphological types. This is supported by numerous hydrodynamical simulations. Bournaud et al. (2005) showed that intermediate mergers with 1:4 to 1:10 mass ratio can produce S0 galaxies. A similar situation was observed in GALMER simulations (Chilingarian et al. 2010a). Hence, while it is now well-known that S0s can be formed by minor and major mergers depending on the orientation and kinematics, Bournaud et al. (2007) studied the evolution of galaxies due to repeated minor mergers, as expected in the hierarchical growth of galaxies. Multiple sequential mergers feed the main progenitor, and gradually change its morphology from a spiral to an elliptical-like system. In addition, this is compatible with the work of van Dokkum et al. (2015) who proposed a two-channel evolution scheme, to account for the evolution of mass-size relation: they first grow inside-out with gas accretion and gas-rich minor mergers, until they quench, and continue to grow by dry minor mergers. Cappellari (2013) proposed a similar modelling to account for the evolution of slow and fast rotators, as further discussed in Cappellari (2016). This scenario is fully compatible with the properties of Sa and S0 galaxies and such a sequential gas-rich minor merger sequence accounts for the main properties of the DPS galaxies, identified here.
The increased central star formation and enhanced central extinction are also well accounted for by minor mergers and galaxy-galaxy interactions (e.g. Li et al. 2008; Ellison et al. 2011a). Using hydrodynamical simulations, Mapelli et al. (2015) produced rejenuvated S0 galaxies and a central SF enhancement with minor mergers with gas-rich galaxies. More generally, this work is compatible with the results of Li et al. (2008), who find that the majority of galaxies with high SSFR have a companion or exhibit tidal features.
5.4. Support from other observations
Studies of S0s performed with planetary nebulae provide characteristics comparable with our findings on the TF relation. With a spectroscopic and kinematic analysis of planetary nebulae in six S0 galaxies, Cortesi et al. (2013) found that S0s are supported by random motions in addition to their rotating discs. S0 galaxies lie about 1 magnitude below the TFR for spiral galaxies while their spheroids lie 1 magnitude above the FJR for elliptical galaxies. This supports previous findings on these S0 characteristics (Bedregal et al. 2006; Rawle et al. 2013), which we observe in the DPS for S0s but also for LTGs. Davis et al. (2016) also observed a break for high velocities in the TF relation, which they interpret as an additional baryonic mass present in the central part.
Similarly to Kannappan et al. (2009), Bait et al. (2017) and Fraser-McKelvie et al. (2018) identified two separate populations of S0 galaxies. Beside old, massive and metal rich galaxies with a bulge older than the disc (probably due to an inside-out quenching), they discuss less massive and more metal poor population having bulges with more recent star formation than their disc. They might have undergone a bulge rejuvenation (or disc fading), or compaction. They argued that environment is not playing a major role, and proposed a faded spiral scenario, which forms low mass S0s while other processes such as mergers form the more massive S0s. As we only detect massive S0s, this is compatible with our findings. We have a population of massive star-forming galaxies, which are evolving through different stages of mergers. S0 galaxies represent 36% of the whole DP population, they are not faded. Beside their morphology, we cannot disentangle them from LTGs.
5.5. Minor versus major mergers
As discussed in Bournaud et al. (2005), intermediate mass mergers with ratio 1:4–1:10 produce Sa to S0 galaxies, while equal mass mergers produce mainly ellipticals (e.g. Barnes & Hernquist 1991), and 1:3–1:4 can produce S0-like systems (e.g. Bekki 1998; Eliche-Moral et al. 2018). Last, the scenario of single minor mergers, with mass ratio larger than 1:10, produces spiral galaxies, while sequential multiple minor mergers can also lead to Sa/S0 galaxies (Bournaud et al. 2007).
On the one hand, the fact that the two peaks have typical intensity ratio in the range 1−3 might favour the idea of two galaxy nuclei with progenitors with 1:1–1:4 mass ratios. However, the absence of differences in the rate of morphological mergers between DPS and NBCS is not expected if the majority were such major mergers, as well as the absence of any differences in the distribution of shape-asymmetry and asymmetry. Major mergers can produce large starbursts (e.g. Barnes & Hernquist 1991), even though this is not always the case (e.g. Di Matteo et al. 2007). However, Hani et al. (2020) found that strong enhancements of SFR are dominated by major mergers. They estimated that a starburst of 50 M⊙  yr−1 has four times higher chances to occur in a major merger than in a minor merger. We have here 1.3% of the sample with a SFR larger than 50 M⊙  yr−1.
On the other hand, as discussed above multiple sequential gas-rich minor mergers and/or gas accretion might also produce the DPS galaxies (e.g. Walker et al. 1996). They could also account for the excess of S0 galaxies and the prevalence of Sa galaxies in LTG, as well as relatively morphologically regular DPS galaxies (Mazzilli-Ciraulo et al., in prep.). The intensity ratio of the two peaks (between 1 and 3) can also be biased by the excitation of the AGN triggered by a merger (Maschmann et al., in prep.).
As discussed in Appendix C, the 0.2 dex higher typical stellar masses of DPS galaxies, their 0.25 mag typical excess extinction in V and their central enhancement of star formation for Sb-d galaxies, all in comparison to the NBCS, suggest a past merger scenario for them. A visual inspection of the selected galaxies reveals that they are not dominated by edge-on or strongly inclined galaxies. However, Sb-d galaxies constitute 6% of the DPS (19% of the NBCS).
As discussed by Hani et al. (2020) and references therein, minor mergers are expected much more numerous than major ones, for example Kaviraj (2014) estimated that 40% of SF observed in local spirals is directly triggered by minor mergers. In addition, major mergers are known to trigger stronger SF than their minor counterparts. The distributions of SFRfibre estimated in the SF-DPS galaxies peak between 2 and 10 M⊙ yr−1 and is about a factor of 2 larger than for the NBCS. In numerical simulations, Hani et al. (2020) found an SFR enhancement of a factor two in 10.0 ≤ log(M*/M⊙) ≤ 11.4 SF post-merger galaxies.
Elliptical galaxies of the DPS are situated in the star forming main sequence (see Sect. 4.2), whereas their counterparts of the NBCS are quenched. We quantify this in Appendix C: elliptical DP galaxies show a 4 times higher SFR in comparison to single peaked elliptical galaxies. We furthermore find that elliptical galaxies with a DP have on average a 3 Gyr younger stellar population in comparison with those showing a single peak. This is consistent with the detection of molecular gas in star forming early type galaxies by Combes et al. (2007), who conclude that the molecular gas might has been accreted from the environment and shows properties rather independent from the old, pre-existing stellar component. Such a recent gas accretion might explain the emission line shape and the ongoing star formation that we detect.
DP galaxies have numerous characteristics of post-mergers with enhanced central star formation and extinction. The nature of the DP feature is still elusive, and could correspond to gas clumps as well as to relics of two galaxy nuclei. We argue that DPS galaxies, most of which exhibit an ordinary morphology, are more likely to be linked to gas-rich minor mergers or gas accretion than to major mergers, which would impact more strongly their morphologies. Indeed, we do detect the same number of morphological mergers in the DPS and NBCS. The sequential multiple minor merger scenario accounts for the S0 morphological excess clearly detected in the DPS, while we cannot exclude that a few of these DP galaxies originate from major mergers.
5.6. Alternatives
Supermassive black holes hosted in galaxy centres are expected to have a significant feedback during the AGN phase (Fabian 2012). This effect is measured to be stronger in massive galaxies (Somerville & Davé 2015; Zhang et al. 2018), than in smaller galaxies dominated by star formation feedback. Galaxy collisions are usually thought to trigger AGN feedback (Di Matteo et al. 2005). Gas outflow are found to be associated to emission line asymmetries (Heckman et al. 1981; Whittle 1985). This is studied on large data samples with fitting procedures using single- and double-Gaussian functions in for example Greene & Ho (2005) and Woo et al. (2016). Using observations based on spectroscopic integral field units, Karouzos et al. (2016) observed AGN driven outflow components with velocities between 300 and 600 km s−1 with velocity dispersion up to 800 km s−1. In the study on major mergers, Rupke & Veilleux (2013) have shown that galaxies with a QSO have the highest projected outflow velocities of at least 1450 km s−1. In the system F08572+3915:NW, they found velocities up to 3350 km s−1. Galaxies without an AGN still reach projected velocities up to 1000 km s−1. They concluded that QSOs play a key role in accelerating gas outflows. Beside these extreme velocities, an outflow with low projected velocities of several hundred km s−1 has been observed in NGC 5929 (Riffel et al. 2014).
In order to discuss an AGN outflow creating emission lines with a DP structure, we selected galaxies with a broader off-centred emission line component. Therefore, these galaxies have one peak component associated with the stellar velocity, computed by Chilingarian et al. (2017) and a second peak component more offset in units of σ1, 2 (as discussed in Sect. 4.3.1). Furthermore, we demanded the second peak component to show a velocity dispersion larger than 200 km s−1 which is similar to lower velocity dispersion of the outflow component found by Karouzos et al. (2016). We thus selected 68 galaxies showing a broad off-centred component as described in the discussed literature above. We show an example in the upper panel of Fig. 1.
Using the non-parametric emission line for the BPT classification (see Sect. 3.1), we find only 1% of these outflow candidates to be classified as SF galaxies. We find 50% to be classified as AGN, 24% as COMP and 13% as LINER. Even though we find a connection to AGN activity for outflow candidates, these galaxies make only about 1% of the DPS. The lack of sensitivity to AGN outflow candidates can be explained by the amplitude criteria 1/3 <  A1/A2 <  3 applied in the selection procedure (see Sect. 2.2). Outflow components show mostly very broad component with a lower amplitude described as wings (e.g Heckman et al. 1981; Whittle 1985; Greene & Ho 2005). These types of asymmetries are systematically filtered out in this work.
We also discussed an outflow scenario to explain off-centred weak [OIII]λ5008 in Maschmann & Melchior (2019). In summary, we find evidence for AGN-driven gas outflow in some galaxies, but in comparison to the large sample of DP galaxies we conclude that this scenario provides well-suited arguments only for a small fraction of them.
6. Conclusions
We identified double-peak emission line galaxies with an automated procedure. They are quite rare as they constitute 0.8% of the RCSED/SDSS catalogue. We compared the DP galaxies with their counter-parts from the no-bias control sample and find several significant differences. There is an excess of S0 galaxies, which cannot be accounted for by the environment. The S0-DP galaxies correspond to the star-forming S0 galaxies identified in isolated environments as discussed in Tous et al. (2020). In parallel, the Gini-M20 diagram reveals that LTG are mainly Sa galaxies in the DPS with respect to the LTG of the NBCS. Similarly, the DP LTG exhibit a larger Sérsic index than their NBCS counterparts.
On the one hand, we find that LTG and S0 galaxies behave similarly on the TF relation but are off-centred towards large velocity dispersions. On the other hand, if two gas components are considered, we show that the close component behaves as expected while the far peak is offset and might correspond to a smaller component or a large gas clump. Other results further support this scenario: (1) the absence of any dependency on the galaxy inclination, (2) larger stellar velocity dispersions, (3) a systematic central enhancement of star formation and (4) a central enhancement of the extinction.
We argue that this double-peak sample constitutes a sequence of multiple sequential minor mergers, which could explain the similar behaviour observed for the different morphological types. It is a sequence in the sense that the impact of sequential minor mergers is to increase the size of the bulge, leading to larger fractions of S0 galaxies, while the majority of disc galaxies are Sa. It is difficult to disentangle gas-rich minor mergers from gas accretion, but both will have similar effects. The absence of an excess of proper morphological mergers supports the view that the impact is small, typical of minor mergers. The specificity of these DP galaxies is that the spectroscopic signature is inside the 3″ SDSS-fibre, hence, it is somehow a post-coalescence stage not detected in morphological studies. Last, this sample also constitutes a time sequence of mergers as their spread in redshift gathers galaxies observed with resolution between 1 kpc and 12 kpc.


1 © Copyright CERN 2014-18 (http://root.cern.ch/).


2 We refer throughout this article to LTG for all disc galaxies from Sa to Sd.


3 We used the galaxy group catalogue compiled on the SDSS DR 7 available under: https://gax.sjtu.edu.cn/data/Group.html
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Appendix A:  Statistical significance of contingency tables
In Sects. 3.1 and 3.2, we identified some differences between the DPS and the NBCS. Due to the number of different categories, it is difficult to quantitatively conclude how significant these differences are. Therefore, we used Fisher’s exact test (Fisher 1954) to check some selected categories and evaluate a p-value to determine how significant the differences between the DPS and the NBCS are. The p-value represents the probability that the measured fraction of one galaxy type is originating from the same parent sample
From the BPT classification, we used the SF, COMP, AGN and LINER categories. For the DPS, we use the non-parametric fit (see Sect. 3.1). For the morphological classification, we examined LTG, elliptical, S0 and galaxy mergers.
For Fisher’s exact test, we took the number of the above mentioned categories cDPS and cNBCS of each sample and consider the objects which are not in this category as the counterpart [image: equation]. We calculated the p-value following (Fisher 1954) as:
[image: thumbnail](A.1)
where nDPS and nNBCS are the total numbers of objects in the samples and [image: equation] denotes the binomial coefficient.
In Table A.1, we present the different classification with their percentage of occurrence and the corresponding p-value. For a sub-sample with a p-value smaller than 0.05, we consider the two parent samples as significantly different. From this table, we can conclude that the lack of SF or LINER and the excess of COMP galaxies in the DPS is significant. Also the fraction of LTG and S0 galaxies are significantly different for the two samples. We also find that the two samples show very similar fractions of galaxy merger and elliptical galaxies.
Table A.1.

Contingency table for galaxy types.



Appendix B:  Non-parametric merger indicators
It is challenging to identify late merger stages directly from imaging observations, since merging signatures are depend strongly on the mass ratio and the initial conditions. As discussed in Sect. 4.5, the combination of Gini-M20 diagnostics is a powerful tool (Lotz et al. 2008), but which is strongly modulated by time (Lotz et al. 2010b,a). A promising method to achieve a higher sensitivity to detect a larger range of minor and major merger stages was proposed by Nevin et al. (2019), using a supervised Linear Decomposition Analysis (LDA). As input, they used non-parametric imaging predictors such as the CAS-statistics, the Gini and M20 coefficients and the shape asymmetry (AS) computed by STATMORPH (Rodriguez-Gomez et al. 2019). Using hydodynamical simulations of galaxy merger with different mass ratios, they reached a high accuracy of 85% (resp. 81%) and a precision of 97% (resp. 94%) for major (resp. minor) merger scenarios.
Nevin et al. (2019) focused on galaxies such as those observed with the SDSS MaNGA survey (Drory et al. 2015), whose average redshift is ⟨z⟩∼0.03. To keep a statistically significant sample, we restricted the merger identification analysis on subsets of the DPS and the NBCS with z <  0.075. We used the predictor inputs computed by STATMORPH as described in Sect. 4.5 and computed the predictor coefficients LD1major and LD1minor for major and minor mergers as described in Nevin et al. (2019):
[image: thumbnail]
[image: thumbnail]
We standardised the predictor inputs: we subtracted the mean for each predictor and divide it by the standard deviation. To compute the means and the standard deviations, we used all the galaxies we want to test, meaning the DPS and the NBCS. To separate mergers and non-mergers, the decision boundary for LD1major (resp. LD1minor) is > 1.16 (resp. > 0.42).
Since we only considered galaxies with a redshift of z <  0.075, we classify only 23 elliptical and 41 merger galaxies of the DPS and the NBCS, which is due to the redshift distribution of these sub-samples (see Fig. 8). This makes it difficult to conclude on the measured merger rate of these two sub-samples.
In Fig. B.1, we show the predictor coefficients LD1major and LD1minor for different morphological types of the DPS and the NBCS and display the decision boundary for each predictor as a black dashed line. We present the merger rates for DPS and the NBCS and different morphological classifications in Table B.1. In comparison to the merger rate found in Sect. 3.2, we indeed find a slightly higher major merger rate of 27% for the DPS and 25% for the NBCS and a slightly higher minor merger rate of 19% for the DPS and 21% for the NBCS. This diagnostic is also in good agreement with the merger selection based on Domínguez Sánchez et al. (2018) (see Sect. 3.2): visual merger are classified as major merger with a rate of 78% (DPS) and 76% (NBCS) using the LDA-method.
	[image: thumbnail]	Fig. B.1.
Distribution of predictor coefficients LD1major on the left panels and LD1minor on the right panels (Nevin et al. 2019) for galaxies with z <  0.075. We mark the decision boundary for LD1major (resp. LD1minor) with black dashed lines at > 1.16 (resp. > 0.42). We show the DPS in red lines and NBCS in black lines. We show all galaxies in the top panels and present LTG, S0, elliptical and merger galaxies in the lower panels respectively.




Table B.1.

Merger rate estimation using LD1major and LD1minor.


LTGs, which are detected at lower redshift in the DPS and the NBCS, build up the largest sub-sample with 254 of the DPS and 392 of the NBCS. We find indeed a higher major-merger rate of 32% for the DPS in comparison to the NBCS with 25%, whereas we find a slightly lower minor-merger rate for the DPS of 19% in comparison to 21% for the NBCS. For S0 galaxies, we find a higher major (16%) and minor (12%) merger rate for the DPS in comparison to the NBCS (4% and 1% respectively).
In our merger scenario for double-peak emission line galaxies (see Sect. 6), we do not find the expected merger rates using the LDA-method. This may be explained by DPS galaxies being past the coalescence phase, while the method developed by Nevin et al. (2019) is not sensitive to faded and later stages of mergers.

Appendix C:  Characteristic parameter distributions
As discussed in Sect. 4.2, we detect higher SFRs inside the SDSS fibre for the DPS in comparison to the NBCS. We find comparable total SFRs and about the same stellar mass distribution. As discussed in Sect. 4.1, we detect more extinction for the DPS in comparison to the NBCS with an excess of about 0.25 mag in the V band. We furthermore find comparable stellar ages for the DPS and the NBCS, comparable time scales and about the same stellar and gas metallicities.
With respect to the morphological classifications, we detect significant differences between the DPS and the NBCS in two subsamples, namely Sb-d and elliptical galaxies. Sb-d galaxies of the DPS show higher mean stellar masses (∼0.2 dex in log(M*/M⊙)) and extinction (∼0.3 mag in V) than Sb-d galaxies of the NBCS (Fig. C.1). Furthermore, we detect a significant excess of SF in the centre of DP Sb-d galaxies. We detect [image: equation] for Sb-d of the DPS and [image: equation] for the NBCS. In the case of elliptical galaxies, we detect a 4 times higher SFR in the DPS in comparison to their NBCS counterpart (Fig. C.1). This is consistent with the fact that elliptical DP galaxies are situated in the main star forming sequence, whereas elliptical galaxies of the NBCS are associated with the quenched red sequence (see Sect. 4.2). Assuming a single stellar population, we find that elliptical galaxies with a DP have on average a 3 Gyr younger stellar population in comparison with those showing a single peak. Similarly, assuming an exponential declining star formation history, we detect two times larger time scales for DP elliptical galaxies.
	[image: thumbnail]	Fig. C.1.
Each column presents distributions of different parameters of the DPS (red) and the NBCS (black). We show different morphological classifications in each row: in the top row the full samples, followed by Sa, Sb-d, S0s, elliptical, merger and galaxies without classification (see Sect. 3.2). From left to right: first column: star formation rate inside the 3″ SDSS fibre (SFRfibre), second column: total star formation rate (SFRTotal) (Brinchmann et al. 2004), third column: stellar mass M* (Kauffmann et al. 2003). last column: extinction computed with the Balmer decrements Hα/Hβ (Domínguez et al. 2013). We use the non-parametric emission line fit to estimate emission line fluxes taken from Chilingarian et al. (2017). We display the mean and the standard deviation for each distribution.





Appendix D:  Additional material
	[image: thumbnail]	Fig. D.1.
Comparison of absolute r-band magnitude, Petrosian radii and (SFRfibre) and (SFRtotal) as in Fig. 13, but with DP galaxies classified as COMP in both peak components (red) and galaxies of the NBCS classified as COMP (black) in the upper panels and galaxies classified as S0s in the lower panel.




	[image: thumbnail]	Fig. D.2.
62″ × 62″ Legacy Survey snapshots (Dey et al. 2019) of 20 random galaxies of each morphological type, described in Sect. 3.2 (all 10 are shown for Face-on LTGs).
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	[image: thumbnail]	Fig. 1.
Emission lines of three DP galaxies, namely Hβλ4863, [OIII]λ5008, [OI]λ6302, [NII]λ 6550, Hαλ6565, [NII]λ 6585, [SII]λ6718 and [SII]λ 6733. For each panel, we display on the top left, the 62″ × 62″ SDSS snapshot. Each displayed line is fitted with a double Gaussian function as explained in Sect. 2.2. We show the blueshifted Gaussian component as blue lines and the redshifted component as red lines. The green line is a superposition of the two Gaussian components. Below each emission line we show residuals. We flag lines with a confirmed DP selected with criteria described in Sect. 2.2 as “with DP” and flag the others as “no DP” for failing the criteria. The black dashed vertical line indicates the position of the stellar velocity of the host galaxy, computed by Chilingarian et al. (2017). The top spectra are for a face-on spiral galaxy at a redshift of z = 0.02 with a ΔvDP = 232 km s−1, which resembles an outflow (discussed in Sect. 5.6). The middle spectra are for an elliptical galaxy at z = 0.05 showing a ΔvDP = 495 km s−1. The bottom spectra are for a galaxy merger at z = 0.05 and ΔvDP = 269 km s−1. This is one of 58 galaxies discussed in Maschmann & Melchior (2019) showing a DP structure probably associated with recent galaxy merger.
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	[image: thumbnail]	Fig. 2.
Flowchart describing the first two stages of the automated selection procedure, detailed in Sect. 2.2. We list up all selection criteria and note the number of galaxies at each selection step. In stage 1 we select preliminary candidates and a control sample (CS) using emission line properties and χ2 ratios from emission line fitting computed by Chilingarian et al. (2017). We visualise the stacking and fitting procedure and all selection criteria described in Sect. 2.2.2. In stage 2 we describe the individual fitting of each emission line and list up all criteria for the DP flag detailed in Sect. 2.2.4. We finally select 7479 DP candidates and 89 412 galaxies for the CS.
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	[image: thumbnail]	Fig. 3.
Stage 3 of the selection procedure to find the final DPS. This algorithm sorts the fitted emission lines according to their S/N and uses the DP flags indicating confirmed DP in the specific line. All selected galaxies must have a confirmed DP in the strongest line. If the object has more than 1 (resp. 2) confirmed line(s), we must also find a DP in the second (resp. second and third) strongest line. This procedure excludes objects which have a falsely confirmed DP in some weaker lines. We finally get the DPS counting 5663 galaxies. In Table 1, we present the distribution of DP galaxies for different number of confirmed DP.

In the text



	[image: thumbnail]	Fig. 4.
Characteristics of the galaxies selected with a DP feature in their emission lines. From left to right: first panel: flux ratio ϕmax/ϕmin of the stronger line divided by the weaker line for the individual emission lines Hαλ6565, [OIII]λ5008, Hβλ4863 and [NII]λ6585. We display the Hαλ6565 and [OIII]λ5008 emission line ratios of the objects found in Maschmann & Melchior (2019) with blue and re hatched surfaces. The other panels display parameters computed on the stacked spectra (see Sect. 2.2.2). Second panel: velocity difference Δv between the two peak components taken from the stacking procedure. Third (resp. fourth) panel: amplitude (resp. velocity dispersion) ratio of the stronger and weaker line components of the stacked spectra.

In the text



	[image: thumbnail]	Fig. 5.
Stellar mass-redshift distribution for the CS (blue, top left panel) and the DPS (red, top middle panel). The contours indicate the density level. In the top right panel, we show the histogram of stellar masses and, on the bottom left panel, the histogram of redshifts. We also display the fibre diameter corresponding to 3″ on top of the upper left and middle panels.
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	[image: thumbnail]	Fig. 6.
Stellar mass-redshift distribution (see Fig. 5) for the DPS (red) and the NBCS (black). The selection of the NBCS is explained in Sect. 2.3. We also compute histograms for the redshift and the stellar mass for both samples for a better comparison. The NBCS follows the same distribution as the DPS and contains 5128 galaxies.
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	[image: thumbnail]	Fig. 7.
BPT diagrams used to classify our samples into different galaxy types (Kewley et al. 2006b). The red line separates active galactic nuclei (AGN) and composite galaxies (COMP) (Kewley et al. 2001). AGNs and low ionisation narrow emission line regions (LINER) are separated by the green line (Schawinski et al. 2007) and the blue dashed lines separate star forming (SF) and COMP (Kewley et al. 2006b). We present the CS in the upper left panel and the NBCS in the lower left panel. In the upper middle (resp. right) panel, we show the blueshifted (resp. redshifted) peaks of DP galaxies with a S/N >  3 in the four emission line fluxes needed for the BPT diagram. In the lower middle and right panels, we display those emission line components of the DPS with three of the requested emission lines with S/N >  3 and the fourth S/N <  3. To classify them, we display arrows to indicate the limits derived by the uncertainties of weak emission lines. In all six panels, we apply the same colour-coding indicating the specific star formation rate (SSFR) computed by Salim et al. (2016). We display in all panels the same contour lines corresponding to the density of the CS. The corresponding classifications are presented in Table 4.
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	[image: thumbnail]	Fig. 8.
Redshift distribution of the DPS for LTG, S0, merger, and elliptical galaxies. We unified the histogram surface of all four samples to 1.
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	[image: thumbnail]	Fig. 9.
Fraction of different morphological types for the DPs and the NBCS. The error-bars represent the binomial errors.

In the text



	[image: thumbnail]	Fig. 10.
Different parameters distributions of the DPS (red), the CS (blue) and the NBCS (black). The surfaces of all histograms are normalised to unity. In the upper left panel, we compute the absolute AB magnitude in the r-band with Galactic dust and K-corrections estimated by Chilingarian et al. (2017). The lower left panel shows the specific star formation ratio (SSFR) computed by Brinchmann et al. (2004). The middle upper (resp. lower) panel presents the absolute luminosity of the [OIII]λ5008 (resp. Hαλ6565) emission line. The absolute luminosity is calculated using the flux of the non-parametric emission line fit provided by Chilingarian et al. (2017). The right upper panel computes the age assumed by a single stellar population fit by Chilingarian et al. (2017). The right lower panel shows the stellar metallicity computed by Chilingarian et al. (2017).
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	[image: thumbnail]	Fig. 11.
Colour-colour relation between g − r and NUV − r. We present LTG and elliptical galaxies selected from the RCSED catalogue using Domínguez Sánchez et al. (2018) as blue and red contours and show the DPS (resp. NBCS) as black dots in the top panel (resp. lower panel). We display the best-fitting polynomial surface equation of constant absolute z-band magnitudes with coloured lines (Chilingarian & Zolotukhin 2012).
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	[image: thumbnail]	Fig. 12.
SSFR as a function of stellar mass. The top left panel presents LTG and elliptical galaxies selected from the RCSED catalogue using Domínguez Sánchez et al. (2018) as blue and brown contours. These contours are also shown as a reminder in the other panels. We show contour lines indicating the 50%, 68% and 95% level for different morphological subsamples of the DPS (red) and the NBCS (black). We indicate with blue dashed lines the region of intermediate star formation (−11.8 <  log(SSFR/M⊙) <  −10.8) (Salim 2014) and display the percentage of the morphological types situated in this zone.
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	[image: thumbnail]	Fig. 13.
Distribution of different observables within the 3″ SDSS fibre. We show in three columns three different ranges of redshift. We present galaxies of the DPS which are classified as double SF in red and galaxies classified as SF of the NBCS in black (see Sect. 3.1) In the top row we show the difference in absolute r-band magnitude of the total galaxy and the 3″ SDSS fibre. The colours are Galactic dust- and k-corrected (Chilingarian et al. 2017). In the second row we present the ratio of the radii comprising 90% and 50% of the Petrosian luminosity (Petrosian 1976) approximating the central brightness in comparison to the total galaxy. We show the star formation ratio of the 3″ SDSS fibre SFRfibre in the third row and the ratio between fibre and total star formation (SFRfibre/SFRtotal ) in the bottom row (Brinchmann et al. 2004).
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	[image: thumbnail]	Fig. 14.
Comparison of absolute r-band magnitude, Petrosian radii and SFRfibre and SFRtotal as in Fig. 13 but with DP galaxies classified as AGN in both peak components (red) and galaxies of the NBCS classified as AGN (black).
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	[image: thumbnail]	Fig. 15.
Velocity dispersion distributions for the CS (blue), the NBCS (black) and the DPS (red, purple and orange). The left panel displays the stellar velocity dispersion σ* computed from Chilingarian et al. (2017). The second panel shows the gas velocity dispersion σgas. We compute the Gaussian emission line dispersion for the CS and the NBCS from (Chilingarian et al. 2017). For the DPS, we display the σ1, 2 of the emission line components, which is closer to the galaxy stellar velocity in units of σ1, 2 in magenta and the component which is more offset in cyan. For better comparisons, we unify the surface of the histograms of the left (resp. right) panel to 150 (resp. 100).
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	[image: thumbnail]	Fig. 16.
Single Gaussian approximation. We compute the two Gaussian functions resulting from the double Gaussian fit procedure to the stacked emission line in Sect. 2.2. The blueshifted component is represented by a blue and the redshifted by a red line. In orange, we show the best fit of a single Gaussian function.
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	[image: thumbnail]	Fig. 17.
Comparison of the stellar velocity distribution σ* computed by Chilingarian et al. (2017) with the gas velocity distribution σgas for the NBCS and the velocity distribution of the single Gaussian approximation σsingle for the DPS. We show in red (resp. black) points the median and the 68% quantile for a binning according to σ* of the DPS (resp. NBCS). For the DPS, the limitations in σ1, 2 and ΔvDP of the double Gaussian fit are restricted by the spectral resolution (see Sect. 2.2.2), leading to a restriction of a minimal σsingle, indicated with a red line. We also show the minimal σgas for the NBCS as a black line and the best fit of a linear function as a black dashed line.
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	[image: thumbnail]	Fig. 18.
Influence of the inclination on the velocity dispersion. We show different velocity dispersion distributions as a function of the galaxy inclination for different groups of redshift. We only show LTG and S0 galaxies for which we can compute the inclination using Meert et al. (2015). For the DPS, we show ΔV with red dots, σsingle of the single Gaussian approximation in blue (see Sect. 4.3.2) and in magenta (resp. cyan) the σ of the emission line component which is closer (resp. offset) to the stellar velocity in units of σ. We show the σgas for the NBCS with black dots. All data points represent the medians in the inclination intervals and the error bars the 16th to 84th percentiles.
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	[image: thumbnail]	Fig. 19.
Tully-Fisher relation (TFR) for LTGs. We compute the rotational gas velocity vrot for the NBCS and CS (black and blue contour lines) using the gas velocity dispersion σgas (see Sect. 4.3.1). For the DPS, we use the σsingle of the single Gaussian approximation in the top panel. In the second panel, we show the TFR for the close and far peak-components of the DPS (see Sect. 4.3.1). The stellar masses are computed by Kauffmann et al. (2003). We show the best fit computed by Avila-Reese et al. (2008) as a dashed line.
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	[image: thumbnail]	Fig. 20.
Same as Fig. 19, but for S0 galaxies. The dashed line corresponds to the best fit of Avila-Reese et al. (2008).
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	[image: thumbnail]	Fig. 21.
Faber-Jackson relation for elliptical and S0 galaxies using the stellar velocity dispersion taken from Chilingarian et al. (2017) on the x-axis and the stellar masses computed by Kauffmann et al. (2003) on the y-axis. We show the best fit computed by Gallazzi et al. (2006) in dashed lines.
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	[image: thumbnail]	Fig. 22.
Gini vs M20 coefficients for the DPS (top panel) and the NBCS (lower panel). Blue (resp. orange) contours represent galaxies classified as LTG (resp. S0) and red (resp. green) dots denote elliptical (resp. merger) galaxies (See the classification in Sect. 3.2). The purple line separates galaxies classified as merger on the left hand side and galaxies associated with a Hubble type on the right hand side (Lotz et al. 2004). The lower black dashed line divides elliptical, S0 and Sa galaxies from later types namely Sb, Sc and Irr (Lotz et al. 2008).
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	[image: thumbnail]	Fig. 23.
Distribution of Sérsic indices, computed by STATMORPH (Rodriguez-Gomez et al. 2019) for the Legacy survey r-band images (Dey et al. 2019), of LTGs of the DPS (red line) and NBCS (black line). The areas under the histograms are normalised to unity.
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	[image: thumbnail]	Fig. B.1.
Distribution of predictor coefficients LD1major on the left panels and LD1minor on the right panels (Nevin et al. 2019) for galaxies with z <  0.075. We mark the decision boundary for LD1major (resp. LD1minor) with black dashed lines at > 1.16 (resp. > 0.42). We show the DPS in red lines and NBCS in black lines. We show all galaxies in the top panels and present LTG, S0, elliptical and merger galaxies in the lower panels respectively.
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	[image: thumbnail]	Fig. C.1.
Each column presents distributions of different parameters of the DPS (red) and the NBCS (black). We show different morphological classifications in each row: in the top row the full samples, followed by Sa, Sb-d, S0s, elliptical, merger and galaxies without classification (see Sect. 3.2). From left to right: first column: star formation rate inside the 3″ SDSS fibre (SFRfibre), second column: total star formation rate (SFRTotal) (Brinchmann et al. 2004), third column: stellar mass M* (Kauffmann et al. 2003). last column: extinction computed with the Balmer decrements Hα/Hβ (Domínguez et al. 2013). We use the non-parametric emission line fit to estimate emission line fluxes taken from Chilingarian et al. (2017). We display the mean and the standard deviation for each distribution.
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	[image: thumbnail]	Fig. D.1.
Comparison of absolute r-band magnitude, Petrosian radii and (SFRfibre) and (SFRtotal) as in Fig. 13, but with DP galaxies classified as COMP in both peak components (red) and galaxies of the NBCS classified as COMP (black) in the upper panels and galaxies classified as S0s in the lower panel.
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	[image: thumbnail]	Fig. D.2.
62″ × 62″ Legacy Survey snapshots (Dey et al. 2019) of 20 random galaxies of each morphological type, described in Sect. 3.2 (all 10 are shown for Face-on LTGs).
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      Fig. 7. 
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BPT diagrams used to classify our samples into different galaxy types (Kewley et al. 2006b). The red line separates active galactic nuclei (AGN) and composite galaxies (COMP) (Kewley et al. 2001). AGNs and low ionisation narrow emission line regions (LINER) are separated by the green line (Schawinski et al. 2007) and the blue dashed lines separate star forming (SF) and COMP (Kewley et al. 2006b). We present the CS in the upper left panel and the NBCS in the lower left panel. In the upper middle (resp. right) panel, we show the blueshifted (resp. redshifted) peaks of DP galaxies with a S/N >  3 in the four emission line fluxes needed for the BPT diagram. In the lower middle and right panels, we display those emission line components of the DPS with three of the requested emission lines with S/N >  3 and the fourth S/N <  3. To classify them, we display arrows to indicate the limits derived by the uncertainties of weak emission lines. In all six panels, we apply the same colour-coding indicating the specific star formation rate (SSFR) computed by Salim et al. (2016). We display in all panels the same contour lines corresponding to the density of the CS. The corresponding classifications are presented in Table 4.



    

  
    
      Fig. 10. 
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Different parameters distributions of the DPS (red), the CS (blue) and the NBCS (black). The surfaces of all histograms are normalised to unity. In the upper left panel, we compute the absolute AB magnitude in the r-band with Galactic dust and K-corrections estimated by Chilingarian et al. (2017). The lower left panel shows the specific star formation ratio (SSFR) computed by Brinchmann et al. (2004). The middle upper (resp. lower) panel presents the absolute luminosity of the [OIII]λ5008 (resp. Hαλ6565) emission line. The absolute luminosity is calculated using the flux of the non-parametric emission line fit provided by Chilingarian et al. (2017). The right upper panel computes the age assumed by a single stellar population fit by Chilingarian et al. (2017). The right lower panel shows the stellar metallicity computed by Chilingarian et al. (2017).



    

  
    
      Fig. 11. 
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Colour-colour relation between g − r and NUV − r. We present LTG and elliptical galaxies selected from the RCSED catalogue using Domínguez Sánchez et al. (2018) as blue and red contours and show the DPS (resp. NBCS) as black dots in the top panel (resp. lower panel). We display the best-fitting polynomial surface equation of constant absolute z-band magnitudes with coloured lines (Chilingarian & Zolotukhin 2012).



    

  
    
      Fig. 13. 
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Distribution of different observables within the 3″ SDSS fibre. We show in three columns three different ranges of redshift. We present galaxies of the DPS which are classified as double SF in red and galaxies classified as SF of the NBCS in black (see Sect. 3.1) In the top row we show the difference in absolute r-band magnitude of the total galaxy and the 3″ SDSS fibre. The colours are Galactic dust- and k-corrected (Chilingarian et al. 2017). In the second row we present the ratio of the radii comprising 90% and 50% of the Petrosian luminosity (Petrosian 1976) approximating the central brightness in comparison to the total galaxy. We show the star formation ratio of the 3″ SDSS fibre SFRfibre in the third row and the ratio between fibre and total star formation (SFRfibre/SFRtotal ) in the bottom row (Brinchmann et al. 2004).



    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
Comparison of absolute r-band magnitude, Petrosian radii and SFRfibre and SFRtotal as in Fig. 13 but with DP galaxies classified as AGN in both peak components (red) and galaxies of the NBCS classified as AGN (black).



    

  
    
      Fig. 16. 
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Single Gaussian approximation. We compute the two Gaussian functions resulting from the double Gaussian fit procedure to the stacked emission line in Sect. 2.2. The blueshifted component is represented by a blue and the redshifted by a red line. In orange, we show the best fit of a single Gaussian function.



    

  
    
      Fig. D.2. 
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62″ × 62″ Legacy Survey snapshots (Dey et al. 2019) of 20 random galaxies of each morphological type, described in Sect. 3.2 (all 10 are shown for Face-on LTGs).



    

  
    Table D.2. 

Fraction of cross match for different BPT and morphological types.




	BPT - class
	LTG
	Elliptical
	S0
	Merger
	Uncertain





	DP-sample



	




	SF
	326(35.7%)
	54(32.3%)
	990(48.8%)
	266(45.2%)
	898(45.7%)



	COMP
	431(47.2%)
	69(41.3%)
	715(35.3%)
	208(35.3%)
	730(37.1%)



	AGN
	103(11.3%)
	24(14.4%)
	204(10.1%)
	77(13.1%)
	222(11.3%)



	LINER
	29(3.2%)
	13(7.8%)
	53(2.6%)
	22(3.7%)
	57(2.9%)



	Uncertain
	25(2.7%)
	7(4.2%)
	65(3.2%)
	16(2.7%)
	59(3.0%)



	Total
	914
	167
	2027
	589
	1966



	




	No-bias control sample



	




	SF
	873(56.7%)
	23(17.2%)
	539(53.4%)
	245(50.3%)
	1131(57.7%)



	COMP
	388(25.2%)
	41(30.6%)
	266(26.4%)
	116(23.8%)
	415(21.2%)



	AGN
	177(11.5%)
	29(21.6%)
	129(12.8%)
	80(16.4%)
	272(13.9%)



	LINER
	76(4.9%)
	38(28.4%)
	56(5.6%)
	35(7.2%)
	103(5.3%)



	Uncertain
	25(1.6%)
	3(2.2%)
	19(1.9%)
	11(2.3%)
	38(1.9%)



	Total
	1539
	134
	1009
	487
	1959



	




	Control sample



	




	SF
	18 510(91.8%)
	120(39.7%)
	5328(74.6%)
	5934(91.0%)
	52 173(94.4%)



	COMP
	1123(5.6%)
	76(25.2%)
	1229(17.2%)
	360(5.5%)
	1933(3.5%)



	AGN
	331(1.6%)
	46(15.2%)
	418(5.9%)
	138(2.1%)
	690(1.2%)



	LINER
	122(0.6%)
	56(18.5%)
	106(1.5%)
	49(0.8%)
	203(0.4%)



	Uncertain
	71(0.4%)
	4(1.3%)
	64(0.9%)
	43(0.7%)
	285(0.5%)



	Total
	20157
	302
	7145
	6524
	55284






Notes. This is a cross match of Tables 4 and 5. We present the fraction of each subset classified with the BPT diagram in Sect. 3.1 for all different morphological type specified in Sect. 3.2. For the DPS we show the BPT-classification using the non-parametric fit. We present these fractions for the DPS, the CS and the NBCS. All columns add up to unity.
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