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IV. NGC 254: A double-ringed S0 with gas counter-rotation
Ivan Yu. Katkov1,2,3 [image: orcid], Alexei Yu. Kniazev4,5,3, Olga K. Sil’chenko3 and Damir Gasymov6,3

1 
 
 New York University Abu Dhabi,  PO Box 129188   Abu Dhabi,  UAE 
 


e-mail: ivan.katkov@nyu.edu

2 
 
Center for Astro, Particle, and Planetary Physics, NYU Abu Dhabi,  PO Box 129188   Abu Dhabi,  UAE 
 


3 
 
Sternberg Astronomical Institute, M.V. Lomonosov Moscow State University, Universitetskiy Pr., 13,  Moscow   119992,  Russia 
 


4 
 
 South African Astronomical Observatory,  PO Box 9   Observatory,  Cape Town   7935,  South Africa 
 


5 
 
 Southern African Large Telescope,  PO Box 9   Observatory,  Cape Town   7935,  South Africa 
 


6 
 
Faculty of Physics, Moscow M.V. Lomonosov State University,  1 Leninskie Gory,  Moscow   119991,  Russia 
 


Received: 
2 
August 
2021
Accepted: 
6 
December 
2021
Published online: 15 February 2022
Abstract

Aims. Although S0 galaxies are usually considered “red and dead”, they often demonstrate star formation organized into ring structures. We aim to clarify the nature of this phenomenon and how it differs from star formation in spiral galaxies.

Methods. We investigated the nearby, moderate-luminosity S0 galaxy NGC 254 using long-slit spectroscopy taken with the South African Large Telescope and publicly available imaging data. Applying a full spectral fitting, we analyzed gaseous and stellar kinematics as well as ionized gas excitation and metallicity and stellar population properties resolved by radius. An advanced approach of simultaneously fitting spectra and photometric data allowed us to quantify the fraction of hidden counter-rotating stars in this galaxy.

Results. We find that the ionized gas is counter-rotating with respect to the stars throughout NGC 254 disk, indicating an external origin of the gas. We argue the gas-rich galaxy merger from retrograde orbit as a main source of counter-rotating material. The star formation fed by this counter-rotating gas occurs within two rings: an outer ring at R = 55″ − 70″ and an inner ring at R = 18″. The star formation rate is weak, 0.02 solar mass per year in total, and the gas metallicity is slightly subsolar. We estimated that the accretion of the gas occurred about 1 Gyr ago, and about 1% of all stars have formed in situ from counter-rotating gas.
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1. Introduction
Lenticular galaxies – disk galaxies without spiral arms – were introduced by Hubble (1936) as a transition type between ellipticals and spirals. Their origin is still vague; in particular, it is not clear why so many S0s lack noticeable star formation while possessing a decent amount of cold gas (Pogge & Eskridge 1993). Also, unlike spirals, lenticulars often demonstrate gas rotation decoupled from that of their stellar component (Bertola et al. 1992; Kuijken et al. 1996), especially in a sparse environment (Davis et al. 2011; Katkov et al. 2014); perhaps this phenomenon may cause star formation suppression (Sil’chenko et al. 2019).
A feature defining S0 as a morphological type is the presence of a large-scale stellar ring within its disk structure (de Vaucouleurs 1959). In half of ringed S0s, the outer ring is bright in UV (Gil de Paz et al. 2007; Kostiuk & Sil’chenko 2015), betraying recent star formation; in general, if a gas-rich S0 proceeds current star formation, it is typically organized in ring-like structures (Salim et al. 2012). We once noted that the star forming ring locations in S0s coincide with the radius where the accreted gas lies in the main galactic plane (Sil’chenko et al. 2019). The net example of NGC 2551 proved that when the gas was confined to the stellar disk plane, it formed stars even though it was counter-rotating with respect to the stars. In this paper, we present another S0 with star forming rings formed by counter-rotating gas – NGC 254.
It is a nearby galaxy (D = 17.1 Mpc, Tully & Fisher 1988) classified as (R)SA(rl)0+ by the NASA Extragalactic Database (NED) and as S0/a with a bar and with a ring by Lyon-Meudon Extragalactic Database (HyperLEDA). It is a moderate-luminous galaxy (MB = −19.6 based on the HyperLEDA data if corrected to the distance of 17.1 Mpc). As for the environments, NGC 254 is formally attributed to the group of NGC 134 (de Vaucouleurs 1975), but there is a distance of 1.5 Mpc to this group center from NGC 254, and the only luminous galaxy in the vicinity of NGC 254 is the late-type NGC 289, in 400 kpc apart, beyond any gravitational tide. However, some small irregular satellites can be seen nearby (Fig. 1). NGC 254 is a rather gas-rich S0, with the HI mass of 3 × 108 M⊙ (Bottinelli et al. 1980), or about 1−3% with respect to the total stellar mass. Caldwell et al. (1994) noted a dozen HII-regions in the inner ring of NGC 254, so it was a case of a star forming, gas-rich S0. Buta (1995) included NGC 254 in his catalog of southern ringed galaxies, with the estimates of the outer stellar ring major-axis radius of 62″ and with the inner stellar ring major-axis radius of 25″. In this catalog, the galaxy was described as an unbarred one: “a genuine and fine SA ringed galaxy” (Buta 1995). Despite the common view that rings in disk galaxies were phenomena related to bar resonances (Athanassoula et al. 1982), in the catalog by Buta (1995), there were a lot of ringed S0 galaxies without obvious bars. In the recent statistics by Díaz-García et al. (2019), about a quarter of all ringed galaxies are classified as unbarred. A possible explanation is that the strong bars may be destroyed, leaving behind weak oval lenses in the centers of S0s. Ronald Buta has studied some of these galaxies in detail. As we demonstrate, below NGC 254 is morphologically similar to other unbarred double-ringed galaxies, such as NGC 7187 (Buta 1990) and NGC 7702 (Buta 1991), which are characterized by a sharp blue inner ring and a diffuse reddish outer ring.
	[image: thumbnail]	Fig. 1. Galaxy NGC 254 and its environment, in composite colors, taken from the Legacy Survey image resource (Dey et al. 2019).



We analyzed the photometric structure of NGC 254 (Sect. 2) and performed a spectral study to probe its kinematics, stellar populations properties, and ionized-gas localization and characteristics (Sect. 3). We discuss the star formation in NGC 254 and its ring nature in Sect. 4 and make final conclusions in Sect. 5.
2. The structure of NGC 254
Despite the visible regularity, the galaxy is classified very differently in numerous studies. Among the large photometric surveys involving NGC 254, we could refer to the Carnegie-Irwin survey (Ho et al. 2011) and Spitzer Survey of Stellar Structure in Galaxies (S4G; Sheth et al. 2010). The former covered the optical and near infrared (NIR) bands, from B to H, and the latter was based on Spitzer space telescope data and explored the NIR bands of 3.6 μm and 4.5 μm. The morphological type of NGC 254 found in these surveys, as well as listed in the extragalactic databases, disagrees radically: according to NED, Carnegie-Irwin, and Buta (1995), NGC 254 is unbarred, (R)SA(rl)0+, while HyperLEDA and S4G ascribe to it a large bar presence. Buta (1995) found two stellar rings in NGC 254, at R = 25″ and R = 62″. Herrera-Endoqui et al. (2015), analysing the S4G data, found a bar with the semi-major axis of 27.3″ and an inner lens with the semi-major axis of 30″. It is unclear which is correct.
We inspected new photometric data available in The Dark Energy Camera Legacy Survey (DECaLS, Dey et al. 2019). We retrieved the g-band image from the Legacy Survey website1 and constructed the azimuthally averaged surface brightness and isophote ellipticity radial profiles shown in Fig. 2. The major-axis position angle profile is not shown because it stays constant; the maximum deviation from the line of nodes is within three degrees and is observed just at the ring radii. Hence, the only possible morphological signature of a bar is the elevated isophote ellipticity between R = 15″ and R = 60″. However, two local maxima of the isophote ellipticity correspond to both ring localizations – at R = 25″ and R = 55″, and not to the bar end. Since the stellar kinematics in the next section betrays the bar effect, as we show below, we would conclude that NGC 254 is an unbarred galaxy despite the presence of two rings with a radius ratio between 2.2 and 2.6, which is what is predicted by the models of ring locations near the ultraharmonic 4:1 and outer Lindblad resonances of a bar (Díaz-García et al. 2019). Indeed, there is no observational difference between ring radius ratio in barred and unbarred galaxies (Díaz-García et al. 2019). Moreover, the disk profile classification provided by Laine et al. (2016), Type II(R), seems doubtful because the g-band profile between R = 12″ and R = 95″ is divided into two segments, 12″ − 40″ and 65″ − 95″, which demonstrates similar exponential scale lengths and close central surface brightness in its inner and outer parts. So, the whole disk can be described by a single exponential (radial scale rs = 12.9″), as is shown in Fig. 2, with a very wide, diffuse outer stellar ring visible between R = 54″ and R = 70″.
	[image: thumbnail]	Fig. 2. Isophote ellipticity radial profiles and the azimuthally averaged surface brightness profile in the g band fit by an exponential law over the full disk-dominated area. Error bars are not shown because they are smaller than the size of the symbols.



We also constructed a two-dimensional photometrical model by applying the GALFIT package (Peng et al. 2002, 2010) to a 3.6 μm image of NGC 254. The model contains the Sérsic bulge, exponential disk, and sky background. The fitting procedure also uses point spread function (PSF), mask and uncertainty image provided in the S4G survey data. Figure 3 shows a 3.6 μm image, best-fit model, and residuals maps. The radial scale of the modeled exponential disk rs = 12.4″ agrees very well with the scale determined from the radial brightness profile (12.9″). The bulge component is very compact, the effective radius is reff = 1.6″, and it essentially corresponds to the core of the galaxy. The residuals map clearly shows the outer ring at R = 55″ and wavy ansae features similar to those in the galaxy NGC 7078 (see Fig. 22 in Buta 2011).
	[image: thumbnail]	Fig. 3. GALFIT modeling of 3.6 μm image of NGC 254. From left to right – galaxy image, model, and residuals. We note that the galaxy image and model are shown in logarithmic scale, while residuals are given in the linear scale.



Bars are often associated with ansae, so 40% of early-type barred galaxies also exhibit ansae features (Martinez-Valpuesta et al. 2007). Numerical simulations of barred galaxies show that the ansae features appear on the late phase of dynamical evolution of bars (> 5 − 7 Gyr) (Martinez-Valpuesta et al. 2006; Long et al. 2014). Strong bars are not necessary for ansae forming, so we have an example of NGC 4151 (Martinez-Valpuesta et al. 2007) with ansae and an oval structure, which might be the product of the secular evolution of the bar (Kormendy 1979). We also have an example of a lenticular galaxy, NGC 3998, where ansae features arise after bulge model subtraction from the image (Laurikainen et al. 2009). We tend to consider NGC 254 as a non-barred galaxy; however, it is clear that there is a non-axisymmetric central component, which may be an oval structure. An important aspect is that this structure may play an important role in ring formation via resonances, as well as for the material transport to the galaxy center, which necessary for observed stellar population rejuvenation in the center (see Sect. 3.2) and nuclear activity (see Sect. 3.4).
3. Results of spectral study
3.1. Observations
The long-slit observations of NGC 254 were made with the Robert Stobie Spectrograph (RSS; Burgh et al. 2003; Kobulnicky et al. 2003) of the Southern African Large Telescope (SALT, Buckley et al. 2006; O’Donoghue et al. 2006). The observations were made on 12 June 2018 and 12 August 2018 with the exposures of 1200 × 2 s on each date, so the total exposure time was 80 min. A 1.25″ slit width was explored under rather poor seeing conditions of ∼3″. The slit was aligned with the isophote major axis in positional angle PA = 133°. The grating PG900 was used to cover the spectral range of 4190−7260 Å with a final reciprocal dispersion of ≈0.97 Å pixel−1 and spectral resolution of 5 Å (full width at half maximum; FWHM). The RSS pixel scale is 0.1267″, and we applied a binning factor of four to give a final spatial sampling of 0.507″ pixel−1. The slit length was approximately 8′, so spectra from the slit edges were used to subtract the sky background. The primary reduction of the spectra was done as described in Kniazev et al. (2008). We also corrected science spectra for scattered light in the instrument using the same approach as presented in Katkov et al. (2019). Reference arc spectra were used to trace the instrumental resolution as a function of wavelength, which is a necessary ingredient of the spectra modeling.
3.2. Spectral fitting
To determine stellar population properties and emission-line parameters, we applied the NBURSTS full spectral fitting code (Chilingarian et al. 2007a,b). We fit the observed spectra with a simple stellar population models (SSP) built with the evolutionary synthesis code PEGASE-HR (Le Borgne et al. 2004) based on the empirical stellar library Elodie3.1 (Prugniel et al. 2007). Each model template is a high-resolution spectrum interpolated from the model grid for a given pair of stellar age and metallicity, broadened with a Gaussian line-of-sight velocity distribution of stars (LOSVD). To reduce the difference between the observed and template spectra, the model includes a multiplicative polynomial continuum on the order of 19. Also, the model contains a set of strong emission lines (Hγ, Hβ, [O III], [O I], [N II], Hα, [S II]) possessing the same Gaussian kinematics, which is, however, decoupled from the stellar kinematics. Line fluxes are determined as a linear problem solving in every step within a nonlinear minimization loop providing a consistent solution. The emission-line templates as well as stellar templates are built using the determined wavelength-dependent instrumental resolution. This approach of simultaneous fitting the stellar continuum and emission lines with independent kinematics is similar to GANDALF (Sarzi et al. 2017) or recent versions of the PPXF code (Cappellari 2017).
To obtain reliable radial profiles for stellar parameters, we binned a long-slit spectrum with a linearly increasing bin size, from 1 pixel in the galaxy center to 20 pixels (10″) at the outskirts, checking that the signal-to-noise ratio (S/N) in the stellar continuum at 4600 ± 10 Å in every bin is be higher than 10. For the emission-line profiles, we used a simple adaptive binning scheme that increases bin size to achieve the minimal required S/N = 10 (total flux Hα+[N II] after stellar continuum subtraction). Figure 4 (panels in Col. 1) presents the resulting radial profiles.
	[image: thumbnail]	Fig. 4. Results of spectrum fitting. The first column shows the result of a one-component fitting of the optical spectrum only (Sect. 3.2), while the second column deals with a two-component spectro-photometrical fitting (Sect. 3.3.2). a: reference composite image manually built using g, r, and z-band data from DECaLS survey to avoid a saturated galaxy center. b1: stellar continuum level at 5500 ± 20 Å in the rest frame along the slit (black line) and Hα and [N II] fluxes (colored lines). For illustrative purposes, the stellar and emission-line profiles are converted to magnitudes assuming zero magnitude in the center. c1, c2: stellar and ionized gas line-of-sight velocity profiles. d1, d2: stellar and ionized gas line-of-sight velocity dispersion profiles. e1, e2: SSP-equivalent age. f1, f2: stellar metallicity. g2: relative contribution of secondary component to 3.6 μm band. The black and green symbols in panels c2, d2, e2, and f2 show the parameters of the main and secondary stellar components in the spectro-photometric modeling. The vertical gray lines at R = ±18″ correspond to the inner star forming ring.



The oldest galactic component is the bulge, with the mean luminosity-weighted age of more than 4 Gyr (panel e1 in Fig. 4). At the same time, the stellar nucleus is younger, TSSP ≲ 3 Gyr, and the outer disk at R > 40″, including the outer ring, is also younger than 3 Gyr. The stellar metallicity in the inner ring is close to the solar value, in the nucleus it is significantly higher (+0.3 dex), while the outer disk holds ≈3 times lower value (panel f1 in Fig. 4).
The extended distribution of the emission lines along the slit clearly reveals that the ionized gas counter-rotates relatively to the stars across the entire disk of the galaxy (panel c1 in Fig. 4). The stellar velocity dispersion falls to 50 km s−1, well below spectral resolution, corresponding to V/σ ≳ 2 around R  =  20″ − 25″, which suggests a full prevalence of the dynamically cold disk at these radii. In the 5″ < |R|< 15″ range, the stellar velocity profile exhibits a flat section of smaller velocity amplitude. This may be due to the dynamic effect of the bar-like oval structure aligned with the disk line of nodes (Miller & Smith 1979). Another possibility is that we observe a small influence of the counter-rotating stellar component, which may also be the reason for the increase in velocity dispersion at R > 40″.
3.3. Looking for stellar counter-rotation
We tried to reveal signatures of counter-rotating stars by applying two different approaches.
3.3.1. Non-parametrical LOSVD recovery
Firstly, we recovered stellar LOSVD in a nonparametric manner using the technique developed and applied for revealing two-peak LOSVD structure in the counter-rotating galaxies IC 719 (Katkov et al. 2013), NGC 448 (Katkov et al. 2016), as well as for the recovery of LOSVD shape of NGC 7572 intending to distinguish a two-component (thin and thick) disk structure (Kasparova et al. 2020). In this approach, a galaxy stellar spectrum is considered as a result of convolution of a best-fit stellar spectrum found by NBURSTS analysis with the non-parametrical stellar LOSVD. The stellar LOSVD is determined by solving linear problem using regularization techniques (see details in Katkov et al. 2016; Kasparova et al. 2020). Figure 5 shows the resulting reconstructed stellar LOSVD obtained using a first-order smoothing regularization, which means that we used the first order difference operator D1 solving linear least-square problem minimizing χ2 + λ ⋅ D1(ℒ).
	[image: thumbnail]	Fig. 5. Non-parametrically recovered stellar LOSVD with regularization parameter λ = 0.043. Stellar velocity profile from an NBURSTS analysis is shown with black stars as a reference. Dashed green lines correspond to vLOS ± σLOS values.



Despite numerous experiments with regularization parameters and a wavelength range, we found only weak and marginal signs of stellar counter-rotation, radically different from those observed in stellar counter-rotating galaxies NGC 448, IC 719, and others. There are some marginal spots at R = −45″, vLOS ≈ −100 km s−1 and R = −30″, vLOS ≈ −70 km s−1. In the flat region 5″ < |R|< 15″, where parametric NBURSTS fitting with a Gaussian LOSVD gives a smaller velocity amplitude, the nonparametric approach suggests an asymmetrical LOSVD shape. Indeed, Fig. 5 demonstrates an excess of positive velocities at R > 0″ and an excess of negative velocities at R < 0″, in the quadrants of the LOSVD panel where we would expect to see contribution from the counter-rotating stars. However, LOSVD at |R|< 20″ does not show a clear X-shaped structure, which is observed in galaxies hosting two stellar counter-rotating disks (see Fig. 3 in Katkov et al. 2016 and Fig. 3 in Katkov et al. 2013). One possibility is that both disks have a high velocity dispersion, which washes out the zero-velocity dip. In addition, due to the asymmetric drift effect, the high velocity dispersion disk rotates more slowly, making separation of a two-peaked LOSVD structure less prominent. Another option is the bulge contribution at |R|< 20″, but our two-dimensional GALFIT analysis suggests too compact a spherical component describing the galactic core to be noticeable at these radii. Finally, this could be simply a bar/oval structure effect mentioned above.
We still have the question of why the large-scale counter-rotation structure (beyond |R| = 20″) is not detected by the nonparametric LOSVD approach. This could be the result of the actual absence of counter-rotating stars or the inapplicability of this approach to the case of NGC 254. Due to signatures of ongoing star formation (see next section), we expect to see a young, stellar, counter-rotating component. However, only one stellar template for both kinematics components is used in the explored technique. In other words, our nonparametric technique is only capable of reconstructing a two-peak LOSVD structure if both components have comparable stellar population parameters and if both components contribute significantly to the integral light. This may not be the case of NGC 254.
3.3.2. Two-component spectro-photometrical fitting
The expected fraction of young stars may not contribute much to the optical spectrum, but it may become a main source of ultraviolet (UV) emission. Therefore, optical spectrum analysis combined with broad-band data including UV data can potentially help to reveal young counter-rotating stars on top of the older stellar population. We used NBURSTS+PHOT mode of NBURSTS in which optical spectra and broad-band spectral energy distributions (SED) are modeled simultaneously (Chilingarian & Katkov 2012; Grishin et al. 2021). For our spectral fitting, we used similar models to those described in Sect. 3.2, while photometric models are computed with the PEGASE.2 code (Fioc & Rocca-Volmerange 1997) using the low-resolution BaSeL synthetic stellar library (Lejeune et al. 1997). During minimization in the NBURSTS+PHOT mode, the total χ2 is equal to a sum of spectral and photometric contributions: [image: equation]. In our modeling, we used equal weights of the contributions α = 0.5.
We compiled the SED dataset, which includes ultraviolet FUV, NUV profiles from Galaxy Evolution Explorer (GALEX) taken from (Bouquin et al. 2018), optical grz data from The Dark Energy Camera Legacy Survey (DECaLS) survey, ZYJHKs images from the VISTA Kilo-Degree Infrared Galaxy Survey (VIKING) retrieved through the ESO Archive Science Portal2, and Spitzer 3.6 μm and 4.5 μm of the S4G Survey (Sheth et al. 2010) downloaded through the NASA/IPAC Infrared Science Archive3. We estimated and subtracted sky background level by applying a σ-clipping technique4 for VISTA and Spitzer images, while DECaLS provides already sky-subtracted data. Except for the GALEX data, where we used azimuthally averaged FUV, NUV profiles from Bouquin et al. (2018), we extracted AB mag arcsec−2 values along the long slit and then performed the same spatial binning for long-slit spectra and photometry profiles.
For SED analysis, it is important to take into account dust extinction. In SPEC+PHOT mode of NBURSTS, AV is an external parameter. We applied AV = 0.042, determined based on a modeling of the full SED from ultraviolet to submillimeter in the frame of DustPedia photometry and the CIGALE code (Bianchi et al. 2018; Nersesian et al. 2019). The galactic extinction AV, gal = 0.06, drawn from the NED, is also taken into account.
The secondary component has poorly constrained parameters due to its small contribution to the optical spectrum. In addition, the spectrum of the young stellar population contains fewer absorption features, which further impairs parameter recovery. It is difficult to determine the properties of the stellar population and especially kinematics of the secondary component just by SED fitting. However, the relative weight can be well limited because the SED cannot be described by a single SSP component. To stabilize the solution, we assumed that the secondary component inherits the kinematics of the ionized gas; so, during the fit both emission lines and secondary stellar component have identical velocities. We also fixed the velocity dispersion at σ⋆, 2comp = 20 km s−1 and stellar metallicity at −0.13 dex for the secondary component. The motivation for the latter limitation is the measured metallicity of the ionized gas in the star forming inner ring equal to this value (see Sect. 3.4). All parameters of the main component, age, and weight of the secondary component are free fitting parameters.
To estimate uncertainties of the derived parameters, we used Monte Carlo modeling. We generated 10 000 synthetic spectra for each spatial bin by adding to the best-fit model of the spectrum and SED a random noise in accordance with the error level in the original data. Then, by analyzing these mock spectra in the same manner as the original data, we determined output parameters whose distributions allowed us to estimate statistical uncertainties of the model parameters. The resulting parameter profiles are shown in the second column of Fig. 4. Figure 6 illustrates spectro-photometrical analysis for one spatial bin at R = +18 ± 3″.
	[image: thumbnail]	Fig. 6. Result of two-component spectro-photometric modeling of the spatial bin at R = +18 ± 3″. Middle and top panels: spectrum (black) and best-fit spectral model (red). Two stellar components of the model are shown in blue and green colors. Orange lines highlight the emission-line model. Residuals are presented in the mid panel in gray bordered by the error level (black lines). Bottom panel: SED part of the model. Observed magnitudes are shown in large black circles, and the best-fit SED model is shown with red crosses. Blue and green circles correspond to SED models of individual components whose low-resolution spectra are shown by colored lines.



Firstly, the analysis suggests a very young age of the secondary component at |R|≈18″ (panel e2 in Fig. 4). In Sect. 3.4, we show that in this region we observe an enhancement of emission lines caused by the current star formation. The blue ring at the same radius observed in the GALEX UV images (panel b in Fig. 7) suggests that we are dealing with a star-forming ring, despite the use of long-slit spectroscopy, which cannot reveal the two-dimensional nature of this structure. Secondly, we note that the secondary component contributes ≈1% to the 3.6 μm luminosity, that is stellar density, at |R|≈18″ (panel g2 in Fig. 4). Closer and farther than |R|≈18″, the relative stellar weight of the secondary component ℛ3.6 μm increased to 10 − 15%. However, its age also changed significantly from 50 Myr to 500 Myr (panel e2 in Fig. 4). We interpret this effect to mean that at |R|≈18″ we definitely detect a very young counter-rotating stellar component, as it is currently forming from gas that is counter-rotating to the main stellar disk. Beyond this radius, young stars disappear, and we begin to detect an older population, ≈500 Myr old, whose contribution to the stellar density is more prominent. We cannot definitely conclude from our spectro-photometric analysis whether this part of the stellar population is counter-rotating or not. We made various fits allowing the secondary component to have an individual velocity unrelated to the ionized gas, but experiments show a very high variation in the output velocity from bin to bin, indicating that the model is unstable and there is no way to constrain the secondary component velocity. This behavior is explained by the fact that the secondary component is lost in the dominant stellar population and has less prominent absorption features due to its younger age.
	[image: thumbnail]	Fig. 7. Comparison of imaging and spectral data. a: composite image built using grz DECaLS data. b: GALEX color image retrieved using the Legacy Survey cutout service. c: g − r color map constructed based on the DECaLS data. d: stellar continuum level at 5500 ± 20 Å in the rest frame along the slit. The zero point is chosen to have zero magnitude at the center of the galaxy. e: emission line fluxes recovered from the long-slit spectra. Color stripes are shown for reference and comparison with other figures and represent emission-line peaks at the inner star forming ring R = ±18″, external diffuse emission region at R = 45″ − 75″, and the galaxy nuclear and emission enhancement at R = −10″.



3.4. Ionized gas
Emission lines are found across the entire disk of the galaxy. This can be seen in Fig. 8, where we demonstrate a fragment of the long-slit spectra around the Hα+[N II] lines cleaned from the stellar continuum. Remarkable features of the emission-line distribution are two prominent, symmetrical, clump-like brightenings at R = ±18″ (see also panel e of Fig. 7), which we interpreted as an inner emission-line ring structure, much closer to the center than the stellar inner ring at R = 25″ according to Buta (1995). The outer ring also includes an emission-line component, though very diffuse, but clearly seen to the north-west of the center at the radii of 45″ − 80″. The southern part of the outer ring is contaminated by two bright stars just at the major axis, so we could not measure the emission-line fluxes there.
	[image: thumbnail]	Fig. 8. Emission line flux distribution along the slit. Starlight contribution is removed. Brown dashed lines show locations of the stellar inner ring R = ±25″. Color stripes correspond to the same radial ranges as shown in Fig. 7.



We revealed gas excitation mechanisms by using standard Baldwin-Phillips-Terlevich diagram (BPT, Baldwin et al. 1981) and demarcation lines by Kewley et al. (2001) and Kauffmann et al. (2003) (see Fig. 9). First of all, we note that the dominant excitation smoothly changes along the radius from a low-ionization by active galactic nuclei (AGN) in the center of the galaxy (dark purple symbols) to ionization by young stars on the outskirts of the galaxy (light symbols). We expected to see HII-regions in the inner ring, which is bright in UV; however, the measurements there are located in the transition zone implying the contribution of shocks into the gas excitation. The diffuse gas of the outer ring demonstrates pure excitation by young stars.
	[image: thumbnail]	Fig. 9. Strong-line ratio diagnostic diagram. Black points with error bars represent our measurements in the individual spectra, while the colored squares refer to the average values for the inner and outer emission-line rings. The nucleus is shown by a large purple star. The averaged values marked by color symbols correspond to the stripes of the same color in Figs. 7 and 8. The red lines show theoretical demarcation lines by Kewley et al. (2001) separating the parameter space according to different excitation mechanisms. The blue dashed line is an empirical separating line from Kauffmann et al. (2003). The distribution of emission-line measurements taken from the Reference Catalog of Galaxy SEDs (RCSED, http://rcsed.sai.msu.ru, Chilingarian et al. 2017) is shown in gray.



Thus, we can determine its oxygen abundance by using strong line calibration. We used N2 and O3N2 calibrations proposed by Pettini & Pagel (2004) and Marino et al. (2013). Both indicators from both papers have given consistent estimates for the outer ring: 12 + logO/H = 8.48 ± 0.08 dex. For the inner ring, we only used the O3N2 calibration because it is reliable in the transition zone of the BPT-diagram (Kumari et al. 2019). The oxygen abundance estimate for the inner ring is 12 + logO/H = 8.56 ± 0.06 dex. Hence, the ionized-gas metallicity in NGC 254 is slightly subsolar (−0.2 to −0.13 dex assuming a solar abundance of 8.69 from Asplund et al. 2009), with the small negative radial metallicity gradient within our errors.
While inspecting a purely emission-line spectrum, we also found noticeable emission in the neutral resonant Na I D (λ5895.92 Å, λ5895.92 Å) lines at radii R = 2″ − 10″ on either side of the center of the galaxy. Kinematically, it does not differ from other lines and demonstrates rotation in the opposite direction relatively to the stars. Na I D lines in emission are rarely observed in galaxies and are most usually associated with the multiphase nature of the outflowing gas (Rupke & Veilleux 2015; Perna et al. 2019; Rupke et al. 2021) and specific photoionization conditions (Baron et al. 2020). The LINER-type excitation in the center supports the idea of AGN activity, which can drive gas outflows. Meanwhile, we did not find any noticeable kinematic signs of ionized outflows, which usually manifest themselves as non-Gaussian emission-line profile shapes and/or strong blue wings of the [O III] line profiles, in particular.
4. Discussion: Star formation in NGC 254 and ring nature
The remarkable morphological appearance makes ringed galaxies attractive for investigation. However, it is unclear how different the evolutionary paths are for ringed and non-ringed galaxies (Fernandez et al. 2021; Elagali et al. 2018). A comprehensive dataset and our dedicated analysis help us to build a consistent picture for the double-ringed galaxy NGC 254. One can note from Fig. 1 that the galaxy has generally disturbed outer parts, looking like asymmetric light distribution, similar to shells, that may be due to gravitational interaction with neighboring satellites or past merger event. The same interactions can be a factor for the formation of ring structures in NGC 254 (Tutukov & Fedorova 2016; Eliche-Moral et al. 2011; Mapelli et al. 2015). Another factor possibly responsible for the rings may be a non-axisymmetric potential (Buta & Combes 1996). In the central part of NGC 254, one can see such a structure, which is considered as a bar by some authors (Herrera-Endoqui et al. 2015). However, other studies have argued that NGC 254 is a non-barred galaxy. We tend to consider this central non-axisymmetric structure as an oval lens which may be a relic of the dynamic evolution of a bar (Kormendy 1979). In any case, the presence of this non-axisymmetric structure implies the resonance nature of the inner ring.
Our emission-line analysis (see Sect. 3.4) suggests that the ionized gas is mainly excited by young stars inside two rings of NGC 254, both the inner and the outer ones. Despite the contamination of the gas excitation by shock contribution in the inner ring, the UV flux map and the FUV–NUV distribution provide extra evidence for the presence of young stars there. However, we need to point out that the inner star forming ring does not coincide with the inner stellar ring – it is closer to the center by 8″ (0.7 kpc). The same shift is demonstrated by the ultraviolet map constructed based on the GALEX data (Fig. 7, panel b); the FUV–NUV radial profile found by Bouquin et al. (2018) also reveals a minimum, FUV–NUV = 0.385 ± 0.128, which is typical for young stars at R = 18″, while at R = 24″ the UV color is already larger than 1, which is typical for older stellar populations. Meanwhile, in the color map g − r the inner stellar ring at R = 25″ is markedly blue, while the inner emission-line (star forming) ring contains a red dust lane (Fig. 7, panel c). Such configurations, including shocks revealed by dust concentration and the BPT-diagram inside the blue inner stellar ring, imply a rapid drift of the star forming zone toward the galactic center.
By combining all our and literature data, we can make the following comments concerning global star formation in NGC 254. It is currently proceeding, both in the outer and in the inner rings. It is rather weak. Currently, stars are emerging from the counter-rotating gas. In the inner ring, we detected a young stellar component contributing ≈1% to the stellar density (see Sect. 3.3.2). We now look at another way to estimate the contribution of counter-rotating stars to NGC 254. Only 1 Gyr ago, star formation in the disk of NGC 254 proceeded in the corotating gas because now we see stellar population with the luminosity-weighted age of 2−3 Gyr there (Fig. 4) – here we used the relation between SSP-equivalent age and quenching time from Smith et al. (2009). Hence, we can fix the epoch of counter-rotating gas accretion as 0.5−1.0 Gyr ago. The current star formation rate is 0.02 M⊙ per year if we apply the star formation rate calibration from Lee et al. (2009) to the total FUV flux retrieved from NED. Interestingly, NGC 4513, which was studied by us previously (Proshina et al. 2020) and also has a counter-rotating gaseous ring, proceeds star formation at exactly the same rate. Under the limit of flat star formation history (while it must be decreasing, Proshina et al. 2019), we obtain < 2 × 107 M⊙ counter-rotating stars. The total mass of dynamically cold stellar components, disk+bar, is 8 × 109 M⊙, according to Laine et al. (2016). The counter-rotating stellar component may contribute less than 1% to the total disk mass. It agrees very well with our estimate based on the two-component spectro-photometric analysis at |R| = 18″.
The analysis for regions beyond the radius of |R| = 18″ shows a higher contribution from the secondary component, but it is not young enough for us to confidently associate it with stars freshly formed from counter-rotating gas. Our non-parametrical LOSVD analysis (Sect. 3.3) gives some clues about the presence of counter-rotating stars at |R| = 5 − 15″. Given that we also see an increase of velocity dispersion in the outer part of the galaxy R > +40″ and disturbed morphology in the galaxy outskirts, we tend to consider that NGC 254 has experienced the merger event in the past. A retrograde merger with a gas-rich galaxy in the past (Thakar & Ryden 1996, 1998) could naturally explain the large-scale counter-rotating gaseous disk, the disturbed morphology, the signs of counter-rotating stellar components in the central region R < 15″ as a relic of an accreted stellar body, and the dynamically heated outer part of the disk. We cannot completely rule out retrograde accretion from cosmological filaments as the main source of counter-rotating gas (Algorry et al. 2014; Khoperskov et al. 2021); however, in the case of NGC 254 it seems less likely, because it does not explain the morphological disturbed appearance of NGC 254. Khoperskov et al. (2021) studied galaxies with stellar counter-rotation in the IllustrisTNG simulations and showed how existing gas in their disks can initially be replaced by external accretion from retrograde orbits, accompanied by an efficient inflow to the center causing rejuvenation of the stellar population and AGN activity. Although in this simulation the formation of counter-rotation is due to the retrograde gas accretion from cosmological filaments, the dynamics of the gas mixture and inflow may be similar to the case of gas-rich satellite merging. This may be applicable to NGC 254, explaining the central rejuvenation and AGN activity.
We measured the gas metallicity in the rings of NGC 254. This is −0.13 ± 0.06 dex in the inner ring and −0.21 ± 0.08 dex in the outer ring. It is fully consistent with our early results on the S0 outer starforming rings: in Sil’chenko et al. (2019), we obtained −0.15 dex for all the outer starforming rings of our sample S0s independently of the ring’s relative radius or galaxy luminosity. We explain this uniformity in the frame of modern chemical evolution models (e.g., Ascasibar et al. 2015), demonstrating that the gas metallicity reaches a plateau close to the solar value very soon after the star formation starts at some particular radius. This is exactly when the stellar–to–gas local density ratio exceeds a unity. Since the ring star formation bursts in S0s having accreted the outer gas are short, with e-folding times of 600 Myr and less (Proshina et al. 2019), we almost always meet their saturated regime of chemical evolution.
5. Conclusions
We studied a lenticular galaxy with two rings, NGC 254. Our spectroscopy revealed the ionized gas counter-rotating with respect to the stars across the entire galaxy disk. The gas emission confined, besides the nucleus, to the inner and outer rings is excited mostly by young stars, and the oxygen abundance of the gas estimated through the strong-line calibrations is slightly below the solar value. The total star formation rate estimated from the FUV flux and related mostly to the inner ring is 0.02 solar mass per year. We suggest a scenario of quite recent (about 1 Gyr ago) outer gas accretion from a retrograde orbit by a previously gas-rich disk galaxy. As a consequence of this event, the primary corotating gas of the galaxy has lost its momentum and has fallen into the center, feeding the stellar nucleus rejuvenation and AGN activity. The slightly disturbed morphology of the galaxy also suggests the merger happened in the past. Externally accreted counter-rotating gas formed two star forming rings contributing, to date, ≈1% to the local stellar density. Their radial locations are restricted perhaps by resonances of the oval central lens of NGC 254, which may be a result of galaxy disturbance by minor merging (Eliche-Moral et al. 2011; Mapelli et al. 2015). However, the fast radial drift inward of the inner star forming ring found in our spectral data is difficult to explain in the frame of this widely accepted model.
In addition, we would like to point out that our spectro-photometric approach used for the estimation of counter-rotating stellar contribution broadens our horizons with regard to the revision of the frequency of large-scale, stellar, counter-rotation phenomena, particularly in spirals with current star formation. An early study by Pizzella et al. (2004) showed that less than 12% of their sample of spiral galaxies demonstrate gaseous counter-rotation, while stellar counter-rotation was detected in less than 8% of the sample. Application of the proposed spectro-photometric approach can potentially equalize these frequencies due to its sensitivity to the small contribution of newly formed stars, in contrast to the standard methods based on the detection of stellar LOSVD, which requires a prominent older secondary component (Rubino et al. 2021).


1 www.legacysurvey.org


2 http://archive.eso.org/scienceportal/


3 https://irsa.ipac.caltech.edu/data/SPITZER/S4G/


4 We used SIGMA_CLIPPED_STATS() function from the ASTROPY.STATS package: https://docs.astropy.org/en/stable/stats/
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All Figures
	[image: thumbnail]	Fig. 1. Galaxy NGC 254 and its environment, in composite colors, taken from the Legacy Survey image resource (Dey et al. 2019).
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	[image: thumbnail]	Fig. 2. Isophote ellipticity radial profiles and the azimuthally averaged surface brightness profile in the g band fit by an exponential law over the full disk-dominated area. Error bars are not shown because they are smaller than the size of the symbols.
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	[image: thumbnail]	Fig. 3. GALFIT modeling of 3.6 μm image of NGC 254. From left to right – galaxy image, model, and residuals. We note that the galaxy image and model are shown in logarithmic scale, while residuals are given in the linear scale.
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	[image: thumbnail]	Fig. 4. Results of spectrum fitting. The first column shows the result of a one-component fitting of the optical spectrum only (Sect. 3.2), while the second column deals with a two-component spectro-photometrical fitting (Sect. 3.3.2). a: reference composite image manually built using g, r, and z-band data from DECaLS survey to avoid a saturated galaxy center. b1: stellar continuum level at 5500 ± 20 Å in the rest frame along the slit (black line) and Hα and [N II] fluxes (colored lines). For illustrative purposes, the stellar and emission-line profiles are converted to magnitudes assuming zero magnitude in the center. c1, c2: stellar and ionized gas line-of-sight velocity profiles. d1, d2: stellar and ionized gas line-of-sight velocity dispersion profiles. e1, e2: SSP-equivalent age. f1, f2: stellar metallicity. g2: relative contribution of secondary component to 3.6 μm band. The black and green symbols in panels c2, d2, e2, and f2 show the parameters of the main and secondary stellar components in the spectro-photometric modeling. The vertical gray lines at R = ±18″ correspond to the inner star forming ring.
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	[image: thumbnail]	Fig. 5. Non-parametrically recovered stellar LOSVD with regularization parameter λ = 0.043. Stellar velocity profile from an NBURSTS analysis is shown with black stars as a reference. Dashed green lines correspond to vLOS ± σLOS values.
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	[image: thumbnail]	Fig. 6. Result of two-component spectro-photometric modeling of the spatial bin at R = +18 ± 3″. Middle and top panels: spectrum (black) and best-fit spectral model (red). Two stellar components of the model are shown in blue and green colors. Orange lines highlight the emission-line model. Residuals are presented in the mid panel in gray bordered by the error level (black lines). Bottom panel: SED part of the model. Observed magnitudes are shown in large black circles, and the best-fit SED model is shown with red crosses. Blue and green circles correspond to SED models of individual components whose low-resolution spectra are shown by colored lines.
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	[image: thumbnail]	Fig. 7. Comparison of imaging and spectral data. a: composite image built using grz DECaLS data. b: GALEX color image retrieved using the Legacy Survey cutout service. c: g − r color map constructed based on the DECaLS data. d: stellar continuum level at 5500 ± 20 Å in the rest frame along the slit. The zero point is chosen to have zero magnitude at the center of the galaxy. e: emission line fluxes recovered from the long-slit spectra. Color stripes are shown for reference and comparison with other figures and represent emission-line peaks at the inner star forming ring R = ±18″, external diffuse emission region at R = 45″ − 75″, and the galaxy nuclear and emission enhancement at R = −10″.
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	[image: thumbnail]	Fig. 8. Emission line flux distribution along the slit. Starlight contribution is removed. Brown dashed lines show locations of the stellar inner ring R = ±25″. Color stripes correspond to the same radial ranges as shown in Fig. 7.
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	[image: thumbnail]	Fig. 9. Strong-line ratio diagnostic diagram. Black points with error bars represent our measurements in the individual spectra, while the colored squares refer to the average values for the inner and outer emission-line rings. The nucleus is shown by a large purple star. The averaged values marked by color symbols correspond to the stripes of the same color in Figs. 7 and 8. The red lines show theoretical demarcation lines by Kewley et al. (2001) separating the parameter space according to different excitation mechanisms. The blue dashed line is an empirical separating line from Kauffmann et al. (2003). The distribution of emission-line measurements taken from the Reference Catalog of Galaxy SEDs (RCSED, http://rcsed.sai.msu.ru, Chilingarian et al. 2017) is shown in gray.
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