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Abstract

Context. Nuclear rings are composed of gaseous material and/or stars and have a typical size ranging from 100 s pc to ~1 kpc. Their study is crucial to unravelling the processes involved in the evolution of the central regions of galaxies. Nuclear rings are long-lived structures, which allows the molecular gas inside to become sufficiently dense to initiate star formation. This makes them contributors to young circumnuclear populations and thus a crucial element in the study of secular evolution. However, the morphology of nuclear rings, and their potential correlations with that of the galactic hosts, remains an open subject.

Aims. We examined 52 star-forming nuclear rings from the Atlas of Images of Nuclear Rings and correlated the overall galaxy morphology, in particular non-axisymmetric features, with the morphology of the nuclear ring.

Methods. We divided the sample into different classes according to two visual classifications, one based on the overall morphology of the galaxy and the other based on the morphology of the nuclear ring. We defined three classes of nuclear rings: two-armed rings dominated by two dust lanes, twoarms+ rings crowded with secondary dust lanes in addition to the two main ones, and many-armed rings with multiple armlets of a similar prevalence. We employed unsharp-masked Hubble Space Telescope images to study the structure of nuclear rings.

Results. We find that two-armed rings are more common in early-type grand design galaxies with strong bars. Twoarms+ rings are related to later-type and more weakly barred galaxies, both grand design and multi-armed. Lastly, many-armed rings are typically associated with later-type flocculent, multi-armed galaxies with the weakest bars. In addition, we examined the regions inside the nuclear rings and observe nuclear spirals in 28 galaxies (~90% of those galaxies for which the interior of the nuclear ring is resolved).

Conclusions. We conclude that the global morphology of the host galaxy – more precisely, the presence and properties of a bar – plays a fundamental role in determining the morphology of the nuclear ring and the nuclear region. Specifically, the strength of non-axisymmetries strongly influences the morphological characteristics of a galaxy, from its innermost to its outermost regions. We suggest that two-armed rings are associated with a 180° structure forced by a strong bar, many-armed rings are associated with a very weak or absent 180° structure, and twoarms+ rings are found in intermediate cases.
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1 Introduction
Nuclear or circumnuclear rings are observed in the central regions of certain galaxies, and they frequently exhibit enhanced star-formation activity. They are defined as closed (or nearly closed), circular (or almost circular) structures composed of gaseous material and/or stars with a typical size ranging from 100 s pc to ~1 kpc and a relative size of ~0.06 D25 (Laine et al. 2002), where D25 is the standard isophotal diameter defined by a B-band surface brightness of 25 mag arcsec−2.
The origin of nuclear rings is thought to be linked to an inflow of gaseous material towards the galactic centre. Nuclear rings thus act as tracers of recent gas inflow to the circumnuclear region (see e.g. Knapen et al. 1995; Prieto et al. 2005, 2019, 2024). This streaming motion can be a consequence of a loss of angular momentum (see e.g. Combes & Gerin 1985) caused by the presence of non-symmetric morphological features such as bars (see e.g. Shlosman et al. 1990; Athanassoula 1994; Combes 2001). According to the leading nuclear ring formation hypothesis, after dynamical shocks carry the gas towards the centre following elongated orbits, the material crosses an inner Lindblad resonance (ILR) and its trajectory begins to shift from elongated to circular (see Englmaier & Gerhard 1997; Knapen et al. 1995; Knapen et al. 2002). As proposed by Combes (1996), there is a connection between the location of nuclear rings and the ILRs; nuclear rings appear in the region between the outer and inner ILRs in galaxies that exhibit both, and inside the single ILR in galaxies where only one of these features is present (see e.g. the review by Shlosman 1999). However, numerical results from Kim et al. (2012) suggest that rings are formed as a result of the centrifugal barrier that the migrating material encounters and later shrink in size as gas with lower angular momentum is added. Kim et al. (2012) postulate that the location of the ring between two ILRs is a coincidence (see also Regan & Teuben 2003). The exact radius (relative to the ILRs) at which a nuclear ring can form is still not a closed subject (see e.g. van de Ven & Chang 2009). It has also been suggested that nuclear rings correspond to the edge of a larger nuclear disc. For example, Bittner et al. (2020) argue that the origin of these nuclear discs, and hence the nuclear rings, is an inside-out formation from a series of small bar-built rings that grow in size as the bar evolves.
Nuclear rings are very stable and long-lived structures (Regan & Teuben 2003; Knapen et al. 2006), which allows the molecular gas accumulating within them to become sufficiently dense to initiate star formation. This makes them useful tracers of several generations of star formation in the circumnuclear region and thus a crucial element in the study of secular evolution there (Comerón et al. 2008; Prieto et al. 2019). Furthermore, they play a pivotal role in the evolution of barred galaxies, frequently functioning as a site of active star formation in proximity to the galactic centre (see Buta 1986; Garcia-Barreto et al. 1991; Barth et al. 1995; Maoz et al. 2001; Mazzuca et al. 2008), although circumnuclear rings with active star formation are not always associated with bars (e.g. Fernández-Ontiveros et al. 2009; Prieto et al. 2024). Therefore, they contribute to the secular growth of pseudo-bulges (e.g. Kormendy et al. 2006).
This work is conceived as a continuation of the work by Comerón et al. (2010), the Atlas of Images of NUclear Rings (AINUR). The AINUR includes 113 rings found in 107 galaxies, as well as a detailed analysis of these rings that explores possible relationships between the size and morphology of the rings and various galactic parameters.
The AINUR followed the path of previous atlases, the likes of Sérsic & Pastoriza (1965), Pogge (1989), Buta & Crocker (1993), Knapen, Pérez-Ramírez, & Laine (2002), and Knapen (2005), but taking advantage of the high resolution provided by the Hubble Space Telescope (HST) to include intermediate-sized and small nuclear rings. It presents pioneering work on a uniform and comprehensive study of every known nuclear ring, as previous efforts had focussed on individual or small groups of rings. The galaxy sample in the AINUR is mainly based on the survey by Ho et al. (1995), who attempted to find ‘dwarf’ Seyfert nuclei in nearby galaxies to check for correlations between the ring properties and active galactic nuclei (no correlation was found). The sample was later expanded with a selected group of nuclear rings from the literature.
The authors of the AINUR conclude that star-forming nuclear rings are found in 20 ± 2 per cent of disc galaxies in the range of Hubble morphological types −3 < T ≤ 7, implying an effective nuclear ring lifetime of 2–3 Gyr; this is in general agreement with a wide range of other observational and numerical studies. Furthermore, the authors found that the size of nuclear rings is constrained by the size and ellipticity of the bars, a correlation later confirmed by Erwin (2024). In addition, it was observed that star-forming rings are pre-dominantly found in galaxies with morphological types ranging from S0 to Sc, without a strong preference for barred host galaxies.
This paper aspires to expand upon the AINUR by taking a closer look at star-forming nuclear rings, their differences from one another, and the properties of their host galaxies that may cause these differences. To achieve this, the images of the nuclear rings have been enhanced through the use of the unsharp-masking technique. This facilitates the differentiation of distinct classes of rings based on their structural characteristics and the subsequent examination of correlations with the known properties of the hosts.
The study of nuclear rings is crucial to revealing the processes that take place in their formation and in the evolution of the central region of galaxies. The aim of this study is to establish correlations between the overall galactic morphology, in particular non-symmetric features, and the structure of the nuclear rings.
2 Sample and image selection
The sample consists of galaxies that exhibit star-forming nuclear rings, derived from the complete original sample of 113 nuclear rings from the AINUR (Comerón et al. 2010). Of these, 105 exhibited star formation, 84 of which have been observed with the HST and were selected for potential analysis of their structure. We only selected galaxies with HST images to study the inner structure of these objects with high angular resolution. The sizes of nuclear rings are usually within the range of hundreds of parsecs, and in consequence their study demands the use of images with an angular resolution reaching tens of parsecs, only available for space telescopes and telescopes with adaptive optics, even for nearby galaxies.
Of the 84 star-forming nuclear rings observed by HST, 32 were excluded due to lack of clarity within the image, insufficient coverage of the desired object, or the unavailability of images in the optical range. The final sample is composed of 52 galaxies.
We selected the image with the largest field of view available for each object. This made the Advance Camera for Surveys/Wide Field Camera (ACS/WFC) the highest prioritised instrument, with a field of view of 202″ × 202″ and a pixel scale of 0.″05 per pixel. This is followed by the UV and optical channel of the Wide Field Camera 3 (WFC3/UVIS), which covers 160″ × 160″, with 0.″04 per pixel, and finally, although heavily featured in our work due to its extended use, the Wide Field Planetary Camera 2 (WFPC2), which uses a mosaic of three CCDs with a coverage of 80″ × 80.″, 0.″0996 per pixel and a fourth smaller CCD with a coverage of 36″ × 36″, 0.″0455 per pixel.
Optical radiation was chosen for our work since it allows one to observe stars, dust, and star formation. Most of the selected images were taken using the F814W filter and the rest were taken using F606W, F555W, and F702W.
Our final working sample is composed of 52 galaxies with star-forming nuclear rings. Most of the galaxies in the AINUR, and hence in this work, are known to be barred. Only 12 of the galaxies in our sample are not barred.
Three of the selected images were taken with the WFC3/UVIS, thirteen using the ACS/WFC and the remaining images used were taken with the WFPC2. Five of the exposures were taken using the F606W filter, one was taken with F555W, one with F702W, and the remaining galaxies were all pictured using the F814W filter. The complete details can be found in Table A.1.
The most significant sources of incompleteness in our sample are derived from the original sample from the AINUR, including the unavailability of high-quality imaging for a substantial number of known nuclear ring hosts. The AINUR also exhibits a clear bias towards nearby galaxies due to their visibility and our resolving power, thereby precluding the study of small nuclear rings in distant galaxies.
Our complete dedication to HST images is the primary cause of the size discrepancy between our sample and that of the AINUR. The goal of the AINUR was to account for all known nuclear rings, including those observed solely by ground-based telescopes, while our present work demands high angular resolution. Given the excluded galaxies and the limitations of the AINUR, it was concluded that our sample is not volume-complete.
Figure 1 illustrates the distribution of galaxies with stellar mass, Hubble type, and bar type. The stellar masses were taken from Sheth et al. (2010), when available, and the morphology types were taken from Buta et al. (2007), when available, and from the NASA/IPAC Extragalactic Database (NED) for the rest. The family classifications SA, SAB, and SB are purely visual estimates of bar strength, but as Buta et al. (2007) point out, this classification is broadly consistent with more quantifiable bar strength measurement methods.
	[image: thumbnail]	Fig. 1 Distribution of the bar types, stellar masses, and Hubble types for our sample of galaxies. The percentage of galaxies belonging to each category, along with an uncertainty assigned assuming a binomial distribution, is shown for each case. Data are from Table A.1.



3 Image processing
We used unsharp-masking to enhance the view of the inner structure of the galaxies within the selected HST images. This technique was used to uncover small-scale variations within the image previously obscured by the larger-scale brightness distribution. This is done by eliminating lower spatial frequencies. The resultant image reveals the dust structure in both the most external regions and closer to the centre, where it was previously obscured by the global light distribution. This method does not reveal any structure that was not already present in the HST image; rather, it brings it to the forefront and facilitates its observation and characterisation. The unsharp-masked image (IUM) is a ratio of the original image (I0) by a convolution (*) of said original image with a Gaussian kernel (G):
[image: equation](1)
This approach has been shown to produce results comparable to those achieved through the use of other methods, such as structure maps (Pogge & Martini 2002), while offering faster processing times and greater versatility, since the technique can be adjusted to better suit each case. An early description of the digital implementation of this method can be found in Schweizer & Ford (1985). We conduct a series of tests (Fig. 2) and determine that our study requires kernels with widths ranging from 10 to 30 pixels to optimally reveal the internal dust structure of the galaxies in the sample.
For most galaxies, we used a kernel width of 20 pixels (that corresponds to 1″ for the ACS/WFC, 0.″8 for the WFC3/UVIS and around 2″ for the WFPC2), except for NGC 864, NGC 1433, NGC 4571, and NGC 1097 for which we used 30 pixels; and NGC 4593 and NGC 5135 for which we used 15 pixels. A method with similar basis and principles, applied to HST data, can be found in Elmegreen et al. (2002). The unsharp-masked images of the galaxies in our sample are shown in Appendix B.
4 Sample classification
We categorised the sample into distinct classes according to two different visual classifications. The first of these classifications is based on the morphology of the galaxy, and the second one is based on the morphology of the ring.
To properly classify the galaxies on the basis of their morphology, we used Spitzer Survey of Stellar Structure in Galaxies (S4G) images when available (Sheth et al. 2010). This is especially the case for galaxies for which the field of view of the HST image is not large enough to cover the full extent of the galaxy.
4.1 Galaxy arm morphology
This classification is focussed on the visual structure of the galaxy as a whole, the three types are: flocculent, multi-armed and grand design galaxies. These classes are based on Elmegreen & Elmegreen (1985), and the classification is conducted in accordance with the parameters delineated by Elmegreen et al. (2011).
Flocculent galaxies are characterised by a chaotic structure, devoid of any prominent arms, displaying instead a fragmented and interlaced dust spiral towards the centre accompanied by short armlets, like in NGC 4459. Multi-armed galaxies have various long and continuous prevalent arms, like in NGC 3982. Finally, Grand design galaxies have a better defined structure, composed of a clear core surrounded by two well-defined arms that extend radially, like in NGC 1300. Examples of each of these classes can be seen in Fig. 3.
4.2 Nuclear ring structure
This classification focusses on the morphology of the structure that surrounds the nuclear ring, mainly the dust lanes that extend from the ring. It encompasses three distinct categories:

	Two-armed: the nuclear ring is dominated by two prominent symmetric dust lanes that extend radially from the ring.


	Two-armed with additional filaments (twoarms+): the nuclear ring is crowded with dust lanes, among which two stand out as the most prevalent.


	Many-armed: the nuclear ring is fed by a variety of arms with no discernible hierarchical structure, like NGC 6753.



The two-armed and twoarms+ categories are both characterised by the dominance of two symmetric arms extending from the nuclear ring. The difference between these two classes lies in the presence, around the nuclear ring, of smaller armlets in addition to the two main arms. For example, while the nuclear region of NGC 1512 (two-armed) is predominantly devoid of dust outside the aforementioned two main arms; NGC 7552 (twoarms+) exhibits heightened structural complexity, with the dust following pathways that deviate from the direction of the two main arms. Examples of each of these classes can be seen in Fig. 4.
	[image: thumbnail]	Fig. 2 Unsharp-masking tests. We used an F814W ACS/WFC image of NGC 1097. From left to right and top to bottom: Resultant unsharp-masked image for a Gaussian kernel with a width of 3, 5, 10, 15, and 20 pixels, respectively. The bar in the top-right corner of the first image is a reference of physical size; the scale is the same for all the images.



	[image: thumbnail]	Fig. 3 Morphology classification examples. From left to right, HST images of: NGC 4459 (flocculent), NGC 3982 (multi-armed), and NGC 1300 (grand design). The instrument and filter details are in Table A.1. The bar in the top-right corner is a reference of physical size.



	[image: thumbnail]	Fig. 4 Ring class examples. From left to right, unsharp-masked images of: NGC 1512 (two-armed), NGC 7552 (twoarms+), and NGC 6753 (many-armed). The bar in the top-right corner is a reference of physical size. The sigma in pixels of the Gaussian kernel used to produce the unsharp-masked image appears in the bottom-right corner.



	[image: thumbnail]	Fig. 5 Distributions of the bar type, Hubble type, and global galaxy morphology for each ring type. The percentage of galaxies belonging to each category, along with an uncertainty assigned assuming a binomial distribution, is shown for each case.



5 Results
The morphological distribution of our sample is: 24 grand design galaxies, 17 multi-armed galaxies, and 11 flocculent galaxies. The nuclear ring classification resulted in a distribution of 13 two-armed rings, 22 two-armed rings with additional filaments, and 17 many-armed rings. We cross-referenced these classifications against each other and against known galaxy characteristics to find and highlight tendencies in the nuclear ring properties within our sample.
5.1 Results for nuclear rings
The bar, Hubble type, and morphology distributions were extracted for each of the previously defined ring classes (Fig. 5). We assigned an uncertainty for the percentage values assuming a binomial distribution.
Two-armed rings occur exclusively in barred or weakly barred galaxies. Although twoarms+ rings can occur in unbarred galaxies, they predominantly manifest in weakly barred galaxies. The many-armed rings appear indistinctly in both unbarred and weakly barred galaxies, whereas they are very rare in strongly barred galaxies. A pattern can be seen in which each class of rings, from two-armed rings to many-armed rings, has a decreasing affinity for bars.
Two-armed rings occur mainly in earlier Hubble types, such as Sa or Sab. Twoarms+ rings and many-armed rings are much more present in later Sb or Sbc types. Two-armed rings are present in half of the grand design galaxies in our sample and are extremely infrequent in the other morphological classes. Almost a quarter of our sample is made up of grand design galaxies with two-armed nuclear rings. Similarly, twoarms+ rings are rare in flocculent galaxies, but are very common in grand design and multi-armed galaxies. Finally, many-armed rings avoid grand design galaxies and are observed in more than 70% of the flocculent galaxies in our sample. The overall pattern of this distribution shows a relationship between grand design galaxies and two-armed rings and another relationship between flocculent galaxies and many-armed rings.
Figure 5 shows a common trend, characterised by a gradual shift in the peak of the distributions. Different global morphology characteristics are associated with different ring classes. The observation of congruent trends in the distributions of morphological properties can be attributed to the interdependence of these properties. According to Elmegreen & Elmegreen (1985), a connection exists between the size and strength of bars and the Hubble type of the host galaxy, resulting in stronger bars for earlier-type galaxies and weaker or absent bars for later-type galaxies. And according to Elmegreen & Elmegreen (1989), earlier type galaxies are classified as grand design more often while later type galaxies are usually classified as multi-armed and flocculent. The conclusion is that grand design galaxies tend to be strongly barred and earlier in type, multi-armed galaxies usually present weaker bars and are of later type, while flocculent galaxies are generally later-type and feature even weaker bars, or none at all.
We conclude that our sample of 52 galaxies with nuclear rings demonstrates the following relations between the previously discussed morphological properties of the host and the morphology of the nuclear ring itself:

	Two-armed rings appear more frequently in earlier type grand design strongly barred galaxies.


	Twoarms+ rings are observed more often in later-type weakly barred galaxies, both grand design and multi-armed.


	Many-armed rings are more frequent in later type weakly barred or unbarred flocculent and multi-armed galaxies.



Table 1 shows the average values taken from the AINUR of the maximum ellipticity of the bar ϵb and the non-axisymmetric torque parameter Qg (which measures the impact of non-axisymmetries in the galaxy; Combes & Sanders 1981) for the galaxies in our sample that showcase each class of nuclear ring. These two parameters are a quantification of the strength of the bar: the stronger the bar, the higher Qg and ϵb. Galaxies hosting two-armed rings have the strongest bars, the ones that host twoarms+ rings have slightly weaker bars, and many-armed rings appear in galaxies with very weak non-axisymmetries in general. Simulations by Rautiainen et al. (2004) highlight how the strength of a non-axisymmetric perturbation affects the simulated global morphology of the galaxy.
The conclusion is that the morphology of the host galaxy and in particular the presence and strength of a bar play a fundamental role in determining the morphology of the nuclear ring and the nuclear region. And more precisely, the strength of non-axisymmetries is a major factor in influencing the morphological characteristics of a galaxy, from its innermost to its outermost regions. This connection may imply that different dynamical processes take part in the formation of distinct types of star-forming nuclear rings.
Table 1 
Properties of each of the nuclear ring classes’ host galaxies.

5.2 Nuclear spirals
Nuclear spirals are described in Kim & Elmegreen (2017) as a phenomenon related to the loss of angular momentum within the inner kiloparsec and the subsequent fall of the material towards the centre. They are a network of long and narrow dust filaments that spiral inwards as they get closer to the centre. Hydrodynamical simulations prove often their presence in low-luminosity active galactic nuclei and that these filaments transport matter from the nuclear region to the centre of the galaxy. However, they are rather inefficient carriers because of extensive interactions with themselves, their surrounding atmosphere, and the interstellar medium (Alig et al. 2023). Nuclear spirals have been observed in multiple objects, some of them featured in this work, such as NGC 1097 (Prieto et al. 2005, 2021), NGC 6951 (Storchi-Bergmann et al. 2007, their Fig. 2), ESO 428-G14 (see Fig. 8 of Prieto et al. 2014; May et al. 2018), NGC 1566 (Prieto et al. 2021, their Fig. 4), and M31 (Alig et al. 2023).
We studied the regions interior to the nuclear rings following the application of the unsharp-masking technique to HST images and, as seen in Table A.1, observe nuclear spirals in 28 galaxies (~90% of those galaxies for which the nuclear interior is resolved in the HST image and ~50% of the total sample). The remainder of galaxies in the sample show no such structure (4 galaxies) or the angular resolution and visibility of the nuclear region of the available image are inadequate to determine the presence of nuclear spirals (20 galaxies). Although nuclear spirals have not been found inside gaseous nuclear rings in hydrodynamical models (Maciejewski 2004) they appear to be a prevalent phenomenon among galaxies in our sample whose nuclear ring interior has been studied, which points to contradictions between these models and observations (see e.g. the discussion in Prieto et al. 2005). However, the limited size of this subsample prevents us from drawing statistically robust conclusions.
6 Discussion
The kinematic origin of star-forming nuclear rings in barred galaxies has been discussed in the literature. In their study of Hα kinematics in the barred grand design galaxy NGC 1530, Zurita et al. (2004) improve upon the previous work of Reynaud & Downes (1998) and show how gas particles in strong bars can become entrapped in looping orbits. This causes collisions at the far end of the bar, leading to a dynamical disturbance that propagates as shocks along the leading edge of the bar (see Sanders et al. 1983). These shocks trap the gas clumps in a dust lane following an elongated orbit aligned with the bar towards the much more circular x2 orbit near the nucleus and between the ILRs (see Englmaier & Gerhard 1997). The shocked gas ends up accumulating in x2 orbits forming a ring and, if the density gets high enough, igniting star formation. The connection between nuclear rings and x2 orbits is a known characteristic of these structures. Hydrodynamical simulations suggest that the presence of x2 orbits is a requirement for the formation of nuclear rings (see Sheth et al. 2000; Regan & Teuben 2003; Li et al. 2015).
Two-armed rings, present in strongly barred galaxies, show signs of following this process, featuring a 180° symmetry forced by the bar potential. The two main dust lanes would correspond to the shocked gas falling towards circumnuclear x2 orbits since dust, the main component in our study, is in equilibrium with the gas (see Fig. 3 of Li et al. 2015). Furthermore, Géron et al. (2024) find a correlation between bar strength and star formation, where stronger bars showcase more star formation in the centre, where the nuclear ring is located. This indicates that two-armed rings, the most frequent type of nuclear ring in strongly barred galaxies, accumulate material and initiate star formation more efficiently than twoarms+ and many-armed rings.
Many-armed rings, primarily observed in unbarred galaxies, raise questions about their formation process. The absence of a bar means that their formation cannot be explained by the procedure described in Zurita et al. (2004). These rings are the most common in flocculent galaxies, where the uniformity of the intertwined and fragmented structure and the resulting absence of a 180° symmetry inhibit the formation of large dust lanes towards the centre and instead allow the appearance of many armlets. Hydrodynamical simulations building nuclear rings usually assume a barred potential and therefore do not explore the formation processes of rings in unbarred galaxies. However, Comerón et al. (2010) indicate that the nuclear ring formation mechanism in unbarred galaxies is strongly related to that in barred galaxies, quite possibly involving non-axisymmetry-induced resonances. These non-axisymmetric features could either be something other than bars, such as asymmetries induced by interactions and spiral arms, or a remnant of the influence of a long-gone bar.
Twoarms+ rings appear more frequently in weakly barred galaxies, where x2 orbits are also present (van Albada & Sanders 1982). They feature a weaker 180° symmetry than two-armed rings but a stronger one than many-armed rings, as seen in Table 1. This symmetry is forced by a bar potential and has proven to be a key factor in determining the nature of the nuclear ring. Our study suggests that the different ring classes form a continuum with two-armed rings at one end and many-armed rings at the other, defined as:

	Two-armed rings: 180° structure forced by a strong bar.


	Twoarms+ rings: Weaker bars forcing a weaker 180° structure.


	Many-armed rings: Very weak or no bar structure leads to the formation of many armlets.




7 Conclusions
We studied 52 galaxies with nuclear rings selected from the AINUR. We used unsharp-masked images from archival data collected by the HST to analyse and characterise the structure of the nuclear regions of these galaxies.
We grouped the galaxies into different classes according to two visual classifications. Firstly, we categorised them based on the morphology of the galaxy as a whole, which resulted in the division of the sample into 11 flocculent galaxies, 17 multi-armed galaxies, and 24 grand design galaxies. Additionally, a classification based on the morphology of the nuclear ring itself resulted in a distribution of 13 galaxies with two-armed rings dominated by two dust lanes, 22 galaxies with twoarms+ rings that feature additional smaller armlets apart from the two main dust lanes, and 17 galaxies presenting many-armed rings with multiple similar armlets extending radially from the ring. The use of these classifications enabled the inference of correlations between the galactic properties and the structure of nuclear rings.
We studied the regions interior to the nuclear rings following the application of the unsharp-masking technique to HST images and observe nuclear spirals in 28 galaxies from our sample (~90% of those galaxies for which the interior of the nuclear ring is resolved). Although central spirals have not been found inside gaseous nuclear rings in hydrodynamical models (Maciejewski 2004), they appear to be a prevalent phenomenon among galaxies in our sample whose nuclear ring interior has been studied. However, the limited size of this subsample prevents us from drawing statistically robust conclusions.
We find that two-armed rings are more common in early-type grand design barred galaxies. Twoarms+ rings are related to later-type weakly barred galaxies, both grand design and multi-armed. Lastly, many-armed rings are associated with later-type unbarred flocculent and multi-armed galaxies.
Galaxies hosting two-armed rings present the strongest bars. Those that host twoarms+ rings have slightly weaker bars. And many-armed rings appear in galaxies with very weak non-axisymmetries. We conclude that the global morphology of the host galaxy, and in particular the presence and properties of a bar, plays a fundamental role in determining the morphology of the nuclear ring and the nuclear region. Specifically, the strength of non-axisymmetries strongly influences the morphological characteristics of a galaxy, from its outermost to its innermost regions.
These results therefore suggest that the different ring classes form a continuum, governed by the influence of a 180° symmetry present in the surroundings of the nuclear ring. Two-armed rings stand at one end and many-armed rings at the other, with twoarms+ rings as an intermediate case.
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Appendix A  Sample table
Table A.1 
Properties of the nuclear ring host galaxies and of the images used in our work.


Appendix B  Unsharp-masked images
Unsharp-masked images obtained from the HST images of galaxies in our sample. The galaxy ID appears in the top-left corner. At the left of each pair of images, we present an image whose size is twice the diameter of the nuclear ring. At the right we present an image whose size is five times the diameter of the nuclear ring. The sigma in pixels of the Gaussian kernel used to produce the unsharp-masked image appears in the bottom-right corner. The bar in the top-right corner is a reference of physical size. The red ellipse indicates the nuclear ring present in the galaxy (from Comerón et al. 2010). North is up and east is left.
	[image: thumbnail]	Fig. B.1 Unsharp-masked images.
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        Distribution of the bar types, stellar masses, and Hubble types for our sample of galaxies. The percentage of galaxies belonging to each category, along with an uncertainty assigned assuming a binomial distribution, is shown for each case. Data are from Table A.1.
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        Unsharp-masking tests. We used an F814W ACS/WFC image of NGC 1097. From left to right and top to bottom: Resultant unsharp-masked image for a Gaussian kernel with a width of 3, 5, 10, 15, and 20 pixels, respectively. The bar in the top-right corner of the first image is a reference of physical size; the scale is the same for all the images.
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        Morphology classification examples. From left to right, HST images of: NGC 4459 (flocculent), NGC 3982 (multi-armed), and NGC 1300 (grand design). The instrument and filter details are in Table A.1. The bar in the top-right corner is a reference of physical size.
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        Ring class examples. From left to right, unsharp-masked images of: NGC 1512 (two-armed), NGC 7552 (twoarms+), and NGC 6753 (many-armed). The bar in the top-right corner is a reference of physical size. The sigma in pixels of the Gaussian kernel used to produce the unsharp-masked image appears in the bottom-right corner.
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        Distributions of the bar type, Hubble type, and global galaxy morphology for each ring type. The percentage of galaxies belonging to each category, along with an uncertainty assigned assuming a binomial distribution, is shown for each case.

      

    

  
    
      Table 1 

      Properties of each of the nuclear ring classes’ host galaxies.

      
        


	Ring class
	ϵb
	Qg





	Two-armed
	0.56
	0.293



	Twoarms+
	0.49
	0.237



	Many-armed
	0.38
	0.159





      

      
Notes. Average values of the maximum ellipticity of the bar ϵb and the non-axisymmetric torque parameter Qg (from Comerón et al. 2010) for each ring class.




    

  
    
      Table A.1 

      Properties of the nuclear ring host galaxies and of the images used in our work.

      
        


	ID
	Dist. (Mpc)
	Morph. type
	Instrument
	Filter
	Morph. class
	Ring class
	Nuc. spiral
	log(M*/M⊙)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	ESO 565-11
	66.5
	(R′)SB(rs)a
	WFPC2
	F814W
	GD
	two-armed
	×
	-



	IC 342
	3.3
	SAB(rs)cd
	WFPC2
	F814W
	M
	twoarms+
	?
	-



	NGC 278
	11.7
	SAB(rs)b
	WFPC2
	F814W
	F
	many-armed
	?
	-



	NGC 613
	18.7
	SB(rs)bc
	WFPC2
	F814W
	GD
	twoarms+
	?
	11.09



	NGC 864
	21.8
	SAB(rs)c
	WFPC2
	F814W
	M
	twoarms+
	?
	10.18



	NGC 1068
	15.3
	(R)SA(rs)b
	ACS/WFC
	F814W
	M
	twoarms+
	✓
	10.86



	NGC 1097
	15.2
	(R′)SB(rs)b pec
	ACS/WFC
	F814W
	GD
	twoarms+
	✓
	11.24



	NGC 1241
	55.8
	SAB(rs)b
	WFPC2
	F606W
	M
	twoarms+
	?
	-



	NGC 1300
	20.2
	SB(rs)b
	ACS/WFC
	F814W
	GD
	two-armed
	✓
	10.58



	NGC 1317
	23.9
	(R′)SAB(rl)a
	WFPC2
	F814W
	F
	two-armed
	✓
	-



	NGC 1326
	16.1
	(R1)SAB(l)0/a
	WFPC2
	F814W
	GD
	two-armed
	✓
	10.55



	NGC 1433
	11.6
	(R′)SB(r)ab
	WFC3/UVIS
	F814W
	GD
	two-armed
	✓
	10.30



	NGC 1512
	9.5
	(R′)SB(r)ab pec
	WFPC2
	F814W
	GD
	two-armed
	✓
	10.33



	NGC 1566
	17.4
	(R′)SAB(s)bc
	ACS/WFC
	F814W
	GD
	two-armed
	✓
	10.58



	NGC 1672
	15.0
	(R:)SB(r)bc
	ACS/WFC
	F814W
	GD
	twoarms+
	✓
	10.66



	NGC 1808
	10.9
	(R1)SAB(s)b pec
	ACS/WFC
	F814W
	F
	many-armed
	?
	10.61



	NGC 2903
	8.9
	SAB(rs)bc
	ACS/WFC
	F814W
	GD
	many-armed
	?
	10.66



	NGC 2985
	22.6
	(R′)SA(rs)ab
	ACS/WFC
	F814W
	F
	many-armed
	?
	10.86



	NGC 2997
	13.1
	SAB(s)c
	WFPC2
	F814W
	M
	twoarms+
	✓
	-



	NGC 3081
	31.8
	(RR)SAB(r)0/a
	WFPC2
	F814W
	GD
	twoarms+
	✓
	-



	NGC 3185
	18.9
	(R)SB(r)a
	WFPC2
	F814W
	GD
	twoarms+
	?
	10.21



	NGC 3310
	17.4
	SA(rs)bc pec
	WFPC2
	F814W
	M
	twoarms+
	?
	10.319



	NGC 3504
	23.8
	(R′)SAB(rs)ab
	WFPC2
	F606W
	GD
	twoarms+
	✓
	10.40



	NGC 3982
	23.6
	SAB(r)b
	WFPC2
	F814W
	M
	many-armed
	✓
	10.26



	NGC 4100 (!)
	18.6
	(R′)SA(s)bc
	ACS/WFC
	F814W
	M
	many-armed
	?
	10.58



	NGC 4102
	18.6
	SAB(s)b?
	WFPC2
	F814W
	M
	many-armed
	?
	10.554



	NGC 4245
	15.0
	SB(r)0/a
	WFPC2
	F814W
	GD
	two-armed
	×
	9.80



	NGC 4274
	15.6
	(R′)SB(r)ab
	WFPC2
	F555W
	F
	many-armed
	?
	10.76



	NGC 4303
	23.1
	SAB(rs)bc
	WFPC2
	F814W
	M
	twoarms+
	✓
	10.86



	NGC 4314
	16.4
	(R′)SB(r′l)a
	WFPC2
	F814W
	GD
	two-armed
	✓
	10.14



	NGC 4321
	24.0
	SAB(s)bc
	WFPC2
	F702W
	GD
	twoarms+
	✓
	10.93



	NGC 4448
	11.7
	(R)SB(r)ab
	WFPC2
	F814W
	F
	twoarms+
	?
	10.848



	NGC 4459
	16.1
	SA(r)0+
	WFC3/UVIS
	F814W
	F
	twoarms+
	×
	-



	NGC 4571
	16.8
	SA(r)c
	WFPC2
	F814W
	M
	many-armed
	?
	10.254



	NGC 4593
	35.3
	(R′)SB(rs)ab
	WFPC2
	F606W
	GD
	two-armed
	✓
	10.93



	NGC 4736
	5.2
	(R)SAB(rs)ab
	WFPC2
	F814W
	GD
	many-armed
	✓
	10.52



	NGC 4800
	14.5
	SA(rs)b
	ACS/WFC
	F814W
	M
	many-armed
	✓
	10.46



	NGC 4826 (!)
	7.5
	(R′)SA(r)ab pec
	WFPC2
	F814W
	F
	many-armed
	?
	10.44



	NGC 5033 (!)
	15.4
	SA(s)c
	WFPC2
	F814W
	M
	many-armed
	✓
	10.95



	NGC 5135
	57.4
	SB(l)ab
	WFPC2
	F606W
	GD
	two-armed
	?
	-



	NGC 5248
	17.9
	(R′)SAB(rs)bc
	WFPC2
	F814W
	GD
	twoarms+
	✓
	10.67



	NGC 5427
	39.4
	SA(rs)bc
	WFPC2
	F606W
	M
	twoarms+
	?
	10.737



	NGC 5728
	39.7
	(R1)SAB(r)a
	WFC3/UVIS
	F814W
	GD
	twoarms+
	✓
	10.85



	NGC 5806
	20.5
	SAB(s)b
	ACS/WFC
	F814W
	M
	twoarms+
	✓
	10.58



	NGC 6503
	5.2
	SA(s)cd
	ACS/WFC
	F814W
	F
	many-armed
	?
	9.70



	NGC 6753
	41.8
	(R)SA(r)b
	WFPC2
	F814W
	M
	many-armed
	✓
	-



	NGC 6782
	52.5
	(RR)SB(r)a
	WFPC2
	F814W
	GD
	two-armed
	✓
	-



	NGC 6951
	24.4
	SAB(rs)bc
	WFPC2
	F814W
	GD
	two-armed
	✓
	-



	NGC 7217
	16.0
	(R)SA(r)ab
	WFPC2
	F814W
	F
	many-armed
	×
	-



	NGC 7469
	70.7
	(R′)SAB(rs)a
	ACS/WFC
	F814W
	M
	twoarms+
	✓
	-



	NGC 7552
	20.2
	(R')SB(s)ab
	WFPC2
	F814W
	GD
	twoarms+
	?
	10.52



	NGC 7742
	24.2
	SA(r)ab
	WFPC2
	F814W
	F
	many-armed
	✓
	10.34





      

      
Notes. Identification (col. 1), distance in Mpc (Col. 2, from Comerón et al. 2010), morphological type (Col. 3, from Buta et al. (2007) when available and from NED for the rest), instrument and filter of the analysed image (Cols. 4 and 5), morphology class (Col. 6, GD for grand design, M for multi-armed and F for flocculent), nuclear ring class (Col. 7), nuclear spiral (Col. 8, ✓ for galaxies that exhibit a nuclear spiral, × for those that do not, and ? if it is uncertain) and stellar mass (Col. 9, from Sheth et al. 2010 when available). An exclamation mark (!) appears next to very tilted galaxies.
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        Unsharp-masked images.
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