[image: image1]A Comparison of the Simulations and Observations for a Nearby Spiral Arm

		ORIGINAL RESEARCH
published: 17 June 2021
doi: 10.3389/fspas.2021.642776


[image: image2]
A Comparison of the Simulations and Observations for a Nearby Spiral Arm
Martin Piecka and Ernst Paunzen*
Department of Theoretical Physics and Astrophysics, Masaryk University, Brno, Czechia
Edited by:
Jacques R. D. Lepine, University of São Paulo, Brazil
Reviewed by:
Antonella Vallenari, Osservatorio Astronomico di Padova (INAF), Italy
Vadim Vadimovich Bobylev, Pulkovo Observatory, Russia
* Correspondence: Ernst Paunzen, epaunzen@physics.muni.cz
Specialty section: This article was submitted to Fundamental Astronomy, a section of the journal Frontiers in Astronomy and Space Sciences
Received: 16 December 2020
Accepted: 14 May 2021
Published: 17 June 2021
Citation: Piecka M and Paunzen E (2021) A Comparison of the Simulations and Observations for a Nearby Spiral Arm. Front. Astron. Space Sci. 8:642776. doi: 10.3389/fspas.2021.642776

The analysis is focused on the ability of galactic open clusters to trace the spiral arms, based on the recent data releases from Gaia. For this, a simple 1D description of the motion of spiral arms and clusters is introduced. As next step, results are verified using a widely accepted kinematic model of the motion in spiral galaxies. As expected, both approaches show that open clusters older than about 100 Myr are bad tracers of spiral arms. The younger clusters (ideally < 30 Myr) should be used instead. This agrees with the most recent observational evidence. The latest maps of the diffuse interstellar bands are compared with the spiral structure of the Milky Way and the Antennae Galaxies. The idea of these bands being useful for studying a galactic structure cannot be supported based on the current data.
Keywords: galaxy: kinematics and dynamics, galaxy: disc, galaxy: evolution, galaxy: structure, open clusters and associations: general, local interstellar matter
1 INTRODUCTION
Galaxies are among the largest objects which are still bound by the gravity of the constituent matter (just after the galaxy groups and clusters). Typically, we distinguish between several classes of galaxies (e.g., see Binney and Tremaine, 2008)—we will be focusing on the spiral class of galaxies. Specifically, the current ability to trace the spiral arms with a specific set of objects is reviewed and compared with simple simulations.
There are many different objects useful as tracers of the spiral structure of galaxies. Spiral arms are thought to represent the bulk of the star-formation in their host galaxies. It is reasonable to assume that the distribution of the stars of spectral class O or B will be very useful, as well as the associated molecular masers (Reid et al., 2019), H II regions (Moffat et al., 1979) and molecular clouds (Loinard et al., 1999; Hou and Han, 2014). We can also extrapolate that young stellar associations, which did not yet have the time to move away from their birthplace, can also be regarded as an effective tool for tracing the spiral structure. Classical Cepheids form another group of stars that helped with the identification of the Galactic spiral structure (Fernández et al., 2001; Bobylev et al., 2021). Finally, H I radio emission represents a standard tool for tracing the spiral structure of galaxies (Russeil, 2003; Hou and Han, 2014).
Open stellar clusters are regarded as an excellent tool in astrophysics. They almost always form in the galactic disks and follow the galactic rotation—this distinguishes them from the globular clusters, which belong to the population of the galactic halo (or the bulge). The ages of the constituent stars are usually taken to be the same, since an open cluster is formed within about a few mega/million years (Myrs) after the start of the collapse of the giant molecular cloud. If we consider that all of the member stars were born from the same material, we can expect that the metallicity must be almost the same for each and everyone of them. Moreover, cluster diameters are usually much smaller than their distances from us. In principle, this means that we need to evaluate the distance from only one of the members. However, the whole sample of cluster members should be used to find distances with higher precision. Finally, the extinction of the cluster can be also assumed to be the same for all of its stars, but differential reddening (important usually only for young clusters) must be ruled out first.
Regardless of the choice of the spiral arms tracer, the positions of these objects must be specified. In some situations, for example when observing Cepheids, there exist relations which can be used to precisely determine the distances. However, here we will mostly be interested in star clusters, for which a different method must be applied (although some clusters do contain Cepheid variables). One good approach is to study the photometric data of the cluster members in the colour-magnitude diagram by applying the isochrone fitting procedure. The output of this procedure is the distance, the reddening, the age, and sometimes also the metallcity of the cluster members (Jørgensen and Lindegren, 2005; Pöhnl and Paunzen, 2010; Netopil et al., 2015). Presently, a very popular alternative is to study the parallaxes (and therefore also the distances) of the clusters, based on the data from the Gaia satellite mission (Cantat-Gaudin et al., 2018, 2020).
An interesting topic for the researchers of the interstellar medium is concerning the diffuse interstellar bands (DIBs, for a recent review see Krełowski, 2018). Almost each of these unidentified absorption features is believed to trace a quite unique set of physical conditions. Many of these bands seem to originate from the regions with an appreciable interstellar UV-radiation field (Jenniskens et al., 1994), and the measured equivalent widths are shown to correlate with the extinction (e.g., see Herbig, 1995; Raimond et al., 2012; Kos and Zwitter, 2013; Zasowski et al., 2015). These properties suggest that there could be some connection between the appearance (and strength) of these bands and the local distribution of the UV stellar sources. Is it possible to use these interstellar tools to map the spiral arms?
In Section 2, we will explore the current observational knowledge of the spiral arms and review the latest large-scale survey of the cluster distances. Section 3 is focused on studying how clusters become less useful, over time, for tracing the spiral structure of galaxies; comparison of the simulations based on simple kinematic models is made with the observations of open clusters. Finally, we study the maps of diffuse interstellar bands in Section 4, where we review their ability to trace spiral arms in the Milky Way and in other galaxies.
2 OBSERVATION OF SPIRAL ARMS
For the most part, we will be ignoring the influence of the galactic-bulge on disk kinematics. It may be appropriate to distinguish between the orbits of physical objects, such as stars, and the motion of the spiral arm. In the first approximation, these two motions do not influence each other since there is no collision between two physical bodies—the spiral arms are physically disconnected from the orbital motion in the galactic disk. Instead, the density wave (as we shall discuss, spiral arms are the result of density waves) simply passes through a medium (the interstellar matter or the stellar disk), locally enhances the density of the medium, which then returns into its initial state (ignoring the effect of star-formation and any stellar evolution and outflows) after the wave has moved away again.
In this section, we shall first briefly mention the kinematic situation in spiral galaxies. Afterwards, a review of the most interesting observational aspects of the spiral arms will be presented.
2.1 Rotation Curves and Spiral Structures of Galaxies
One of the key observational features of galaxies one wishes to study is the rotation curve. This curve represents a relation between the galacto-centric radius and the circular component of the orbital velocities of the observed objects. In the Milky Way (and in other galaxies), this curve deviates from the curve predicted by the models based on the observed matter outside of the bulge—the observed rotation curve is actually above the theoretical curve. The most accepted explanation is the presence of the dark matter, which interacts with other particles only via gravity (Chrobáková et al., 2020).
In addition to the rotation curve, the motion of the objects in a galaxy consists also of a dispersion of velocities σ. The magnitude of the dispersion may differ based on which component of the velocity we are looking at. In spiral galaxies, we generally find that [image: image], corresponding to the radial, tangential and vertical component (in the cylindrical coordinate system), respectively.
A circular orbit cannot describe the motion of an object in a galaxy. However, under the assumption of an axisymmetric galactic potential, we may derive a solution to the equations of motion if we let the radius of the studied object to slightly vary. The solution to such problem is called the epicyclic approximation, and it is very useful for studying the orbits of stars in a galaxy. The final result of this approximation is a constructed ellipsoid (or an ellipse, if we ignore the vertical motion). The studied object is located always on the surface of the ellipsoid (the motion is oscillatory), while the center of the ellipsoid moves on a circular orbit around the galaxy. Ignoring the presence of vertex deviation (Smith et al., 2012), the orientation of the ellipsoid is fixed if we follow the circular motion of its center—the x-axis usually points in the radial direction, the y-axis is tangent to the circle, and the z-axis coincides with the vertical axis in the galacto-centric cylindrical coordinate system. In principle, the size of the ellipsoid in the epicyclic approximation results from the shape of the velocity ellipsoid constructed from the velocity dispersion.
Since more than a century ago, it has been very clear from the observations that some of the galaxies display a distinct spiral structure. Astronomers have been trying to study the physics behind this structure since the beginning—as we do not plan to consider the dynamical aspects of the problem, we redirect the reader to:
• Toomre (1977), a review of the theories behind the spiral arms
• Sellwood et al. (2019), one of the most recent studies of the origin of the spiral structure, based on the Gaia data
The most important observational fact to our analysis is that the spiral arms are long-lived. The most accepted theory is that the arms must result from a density wave travelling around the galaxy, which are excited by a rotating (pattern) potential. Assuming that the orbits result from the epicyclic approximation, resonances appear at certain radii (called Lindblad resonances), which dynamically force the existence of the density waves. Currently, the origin of this pattern is still poorly understood (e.g., Sellwood, 2012).
The velocity of the orbiting pattern has been analyzed multitudes of times. In the Milky Way, the pattern velocity is found to be roughly constant over several kpc in the radial direction.
There are several simplifications which we assumed in this section. For example, the spiral structure of different galaxies may vary, and no single theoretical model can describe all of these structures (Seigar and James, 1998; Hou and Han, 2014; Díaz-García et al., 2019). Furthermore, we have completely ignored the time-evolution of the galactic structure (which may be affected by mergers, for example), although this effect should be negligible on the time-scales considered in Section 3.
2.2 Interstellar Medium Tracers
As we have already mentioned, most of the star-formation occurs in the spiral arms. This means that the high-density medium (molecular clouds), which contains a significant amount of dust when compared with the other regions of the galaxy, must be a good indicator of the presence of spiral arms. Indeed, optical images of spiral galaxies show dark regions coiling around the galactic centers. Historically, this was one of the first hints of the spiral structure of galaxies. The dust itself can be best observed by studying atomic and molecular signatures in the spectra (Bouwman et al., 2019).
Most of the volume of a galaxy is dominated by a very hot plasma (referred to as the hot ionized medium, (HIM) alternatively the coronal gas). Both, in terms of the abundance and the mass, ionized hydrogen dominates these regions. This medium mostly fills the galactic halo but is also present in the galactic disk. Once we get inside a denser part of the disk, hydrogen becomes shielded from the ionizing radiation by the surrounding layers of the medium—this results into primarily neutral hydrogen inside such regions, which can be called H I clouds (Bekki et al., 2005). Clearly, neutral hydrogen prevails mostly near, or inside, the spiral arms. The most useful tracer of such medium is the 21-cm radio emission line, originating from the spin-flip transition of the electron in the hydrogen atom at the ground-state.
If we want to study the molecular clouds, and therefore some of the densest interstellar regions in a galaxy, we must look for the most abundant molecule—the molecular hydrogen. The density of the medium affects the abundances of [image: image] in two ways: 1) the most likely process of the formation of H2 is on the surface of dust grains, which we may find in the denser medium, 2) the molecular hydrogen can be dissociated by the UV radiation (hv < 11 eV), so a substantial protective layer must be present above the molecular region, which happens only in the molecular clouds.
However, since the molecular hydrogen regions have to be surrounded by a dense layer, observations in the optical part of the spectrum become obscured. To get an image of the inner parts of a molecular cloud, we must look, again, at the longer wavelengths. The second most abundant molecule in the Universe is CO, which has a very prominent line at 0.26 cm. In practice, this line is the most useful when probing dense regions of galaxies (Tang et al., 2016).
We have already mentioned that H II regions are very important when studying spiral arms. These regions are very common around hot young stars (Conti and Crowther, 2004). Due to the state of an H II region, electrons interact with the ionized hydrogen in a free-free process—bremsstrahlung. In the first approximation, such region is in a local thermodynamics equilibrium (unlike in the case of HIM) and the motion of the particles is described by the Maxwell-Boltzmann distribution. However, this is only useful if the probed medium is dense enough for this to be true. In any case, a very common approach is to study the continuum radio emission in order to probe the H II regions.
Finally, we can study also the regions associated with the early stages of star-formation. These can be observed looking at the masers from CH3OH and H2O at 4.48 and 1.36 cm (Beuther et al., 2002; Zhang et al., 2019), respectively.
2.3 Embedded Clusters
An embedded cluster is a group of young stellar objects (YSOs) that is still embedded in its natal molecular cloud, i.e., in dust and gas. It is typically not fully observable at optical wavelengths due to large extinction caused by the dust grains in the cloud, but it can be seen in the near infrared. There YSOs emit a significant amount of radiation (Robitaille et al., 2006), and the dust is more transparent (Fitzpatrick, 1999).
The loss of gas defines the end of star-formation in an embedded cluster and may also cause the young cluster to dissolve (Lada et al., 1984). Connected with that the time-scale for a cluster to clear enough material becoming optically visible is still a matter of debate. Leisawitz et al. (1989) conducted a CO survey of open cluster regions and found a value of about 5 Myr whereas Morales et al. (2013) analyzed several young clusters with molecular material, and proposed an upper limit of the embedded phase of 3 Myr, respectively. However, the time-scale is sensitive to the initial mass function (IMF). More massive stars develop H II regions that are much more efficient in dispersing the cloud material than the outflows from low-mass stars (Matzner, 2002) and are therefore very efficient to clear their surroundings.
The time-scale on which gas is removed from the embedded cluster not only affects the mass and number of stars in the surviving cluster, but also its degree of mass segregation and the density profile (Er et al., 2009). The parameters that strongly affect the outcome of the out-gassing phase are the star-formation efficiency (SFE), the population of the most massive stars, and the efficiency of the radiative coupling (He et al., 2019). The typically observed SFE of about to 0.4 can be explained by using radiative magneto-hydrodynamic simulations with self-consistent star-formation and ionizing radiation (Geen et al., 2017). They showed that the SFE can even approach unity for very dense clouds.
From an observational point of view, the number of embedded clusters is too high with respect to the number of observed gas-free clusters for a given age (Lada and Lada, 2003). Within the solar neighborhood the observed distribution of cluster ages suggests that more than 95% of embedded clusters dissolve into the field within 100 Myr. There are several disruption processes suggested such as the loss of the remnant gas and tidal forces (Elmegreen and Hunter, 2010). The latter incorporates tidal shocks from passing gas clouds—this becomes important only at later ages (∼1 Gyr, Gieles et al., 2006). The aspects of these effects have been studied in more details using N-body simulations (Baumgardt and Kroupa, 2007; Smith et al., 2011).
The search for new Galactic embedded clusters is still ongoing, mainly based on Infrared (IR) photometry. For example, the European Southern Observatory (ESO) public survey VISTA variables Vía Láctea Survey (VVV) presented a list of 88 new candidates (Solin et al., 2014). Some follow-up investigations (for example, Borissova et al., 2020) confirmed their characteristics as embedded clusters.
2.4 Gaia Era—Revisiting Open Clusters
For estimating the membership probability of a star in a field of an open cluster, in the ideal case, the parallax, the proper motion, the radial velocity and a colour information is needed. These parameters have then to be compared with the mean cluster ones and a color-magnitude diagram constructed. For this purpose, several, mostly independent, methods have been developed already in the pre-Gaia era and updated since then (for example, von Hippel et al., 2006; Krone-Martins and Moitinho, 2014; Perren et al., 2015; Balaguer-Núñez et al., 2020).
With the successful launch and the first data release of the Gaia satellite, a new era in star cluster research began. Until then, the most precise parallax measurements came from the Hipparcos satellite (van Leeuwen, 2007) which was limited to approximately 12th magnitude and therefore to star clusters in the solar neighborhood, only. For the proper motions, the United States Naval Observatory CCD Astrograph Catalog (UCAC, Zacharias et al., 2017) and the PPM Star Catalogue (Bastian and Röser, 1993) which was later extended to the PPMX (Röser et al., 2008) and PPMXL (Roeser et al., 2010), were two available independent data sources. A comparison of these two sources showed offsets and systematics which were later investigated in more details on the basis of the Gaia DR2 (Shi et al., 2019).
The Gaia DR1, which is also based on Hipparcos and Tycho-2 data, was validated with open clusters and other methods (Arenou et al., 2017; Gaia Collaboration et al., 2017). The reconstructed mean cluster parallaxes and proper motions were generally in very good agreement with earlier Hipparcos-based determination. The problem of the discrepant distance of the Pleiades was finally solved, reconciling astrometric results with other observational methods.
The first catalogue based purely on Gaia data (Gaia DR2) was released relatively shortly afterwards (Arenou et al., 2018; Gaia Collaboration et al., 2018b). In the series of initial papers from the Gaia consortium, Gaia Collaboration et al. (2018a) investigated the Hertzsprung-Russell diagram using 46 open clusters. Still, the difference between the observed and theoretical main sequence of the Pleiades remained.
Later on, the significant discrepancy of the main sequence of Pleiades was solved using a cross-correlation of the Gaia catalogue with large-scale public surveys to complement the astrometry of Gaia with multi-band photometry from the optical to the mid-infrared (Lodieu et al., 2019).
The first comprehensive study for 1,229 star clusters including a list of members and cluster parameters was presented by Cantat-Gaudin et al. (2018). They used an updated version of the UPMASK algorithm (Krone-Martins and Moitinho, 2014) which makes a membership assessment based on an iterative process, principal component analysis, clustering algorithm, and kernel density estimations. They compared the estimated distances with those for 38 open clusters from the Bologna Open Cluster Chemical Evolution Project (BOCCE) project (Bragaglia and Tosi, 2006). Later on, Bossini et al. (2019) published a cluster parameter determination for 269 aggregates using an automated Bayesian tool (von Hippel et al., 2006). This method uses both, the Gaia DR2 astrometry and photometry for fitting isochrones to the high probability member stars. They also presented a comparison with literature values taken from Dias et al. (2002) and Kharchenko et al. (2013), Kharchenko et al. (2016). The differences of the cluster parameters showed a huge spread (see Figures 9, 10, therein) which cannot be explained by the superiority of the Gaia data alone. A similar study was published by Monteiro and Dias (2019) who investigated 150 poorly studied open clusters from which 80 turned out to be non-physical aggregates. We have to emphasize that the determination of the cluster parameters themselves are sometimes severely constricted by the choice of the isochrones, the metallicity, and even the photometric system (Netopil et al., 2015; Netopil et al., 2016; Dias et al., 2021). Cantat-Gaudin et al. (2020) used a set of objects with available well-determined parameters to train an artificial neural network. Thus, as a next step, they estimated the cluster parameters from the Gaia photometry of high probable members and their mean parallax for 1,867 aggregates. Recently, Monteiro et al. (2020) determined cluster memberships using a maximum likelihood method applied to Gaia DR2 astrometry for 45 aggregates. They presented an improved isochrone fitting code taking into account the interstellar extinction using an updated extinction polynomial for the Gaia DR2 photometric bandpasses and the Galactic abundance gradient as a prior for metallicity.
Almost all studies about individual star clusters since 2018 include the usage of either Gaia photometry or astrometry (for example, Yontan et al., 2019; Baratella et al., 2020; Straižys et al., 2020; Niu et al., 2020).
It can be concluded that different applied methods resulted in intrinsically consistent cluster parameters which are not always compatible with previous published values. What is still missing, for example, is a comprehensive study including also available Johnson [image: image] (Mermilliod, 2006) and 2MASS JHKs (Skrutskie et al., 2006) photometry for isochrone fitting. Furthermore, such a study should be based on more than one numerical method for the cluster parameter estimation.
Due to the high accuracy and the completeness of the Gaia DR2, the search for previously unknown Galactic open clusters was intensified. As a result, several hundreds of apparently new open clusters has been published in the last 3 years (for example, Castro-Ginard et al., 2018; Liu and Pang, 2019; Castro-Ginard et al., 2019; Castro-Ginard et al., 2020). Although, in general, a thorough cross-check with the already published catalogues of open clusters has been performed in the corresponding papers, still a certain percentage of newly announced aggregates has been already known before or are just a sub-population of a larger one. One has to keep in mind that due to the huge amount of data, only automatic routines are capable to process all the needed information. Therefore, a careful inspection of the results in a graphical form is strongly advised.
When radial velocities are included, the characterization of open clusters is still not satisfactory. This is mainly caused by the fact that a large database of reliable and homogeneous radial velocities is still very much missing. Although the Gaia mission also includes the measurements of radial velocities, the chosen spectral window (8,450–8,700 Å) is optimized for cool type stars. In these regions, the spectra of upper main sequence stars are dominated by the Paschen lines. Together with the, in general, moderate to high rotation rate of these stars, the radial velocities cannot be accurately measured. The current available data set from the Gaia DR2 includes stars in the effective temperature range from 3,550 to 6,900 K (Katz et al., 2019) which roughly transforms to spectral types from M2 to F2, respectively. The complete upper main sequence is missing which is essential when studying young open clusters (Liu et al., 1991). This whole situation is reflected in the paper by Soubiran et al. (2018) who investigated the spatial and velocity distribution of 861 open clusters. From their sample, for 406 aggregates (the so-called high-quality sample) the mean radial velocity relies on at least three members, only. If one keeps in mind the different causes of radial velocity variability and the often large amplitudes (Percy, 2007), a much larger number of individual measurements are needed to come to a statistically sound result (Mermilliod et al., 2009). This problem becomes even more evident when studying the internal kinematics and dynamics of a star cluster (Gaburov et al., 2008).
Finally, the different Gaia data releases even challenge the classical definition of a star cluster itself. Oh et al. (2017) and Faherty et al. (2018) found many thousands of star groups in the solar neighborhood with up to 10 members. These moving groups share a common kinematic characteristics. Naturally, questions arise like: are these groups dissipated star clusters? What is the minimal number of members for an open cluster? What is the minimal total mass for an open cluster?
The future Gaia releases will result in more precise photometric, spectroscopic, kinematic, and astrometric data. They will challenge our current theories about the formation and evolution of stellar clusters on the basis of observational data.
3 COMPARING SIMULATIONS WITH OBSERVATIONS
3.1 Choice of Kinematic Models
In this section, we will mention several simulations of clusters in spiral arms. To begin with, several observational values need to be taken from the literature.
One of the most fundamental quantities necessary for Galactic studies is the knowledge of the position of our Sun in the Galaxy. For this, we need to know the direction of Galactic rotation and our distance from the Galactic center [image: image]. The value of this distance varies in the literature. For the purpose of our analysis, we have chosen the value of [image: image] kpc, measured by Reid et al. (2014). In the same work, the spiral structure of our Galaxy was analyzed. Presented was an equation of the spiral arms and the parameters which well represent the Scutum, Sagittarius, Local, Perseus and Outer arms. Their typical width was found to be of the order of hundreds of parsecs.
Another important aspect of the Galactic kinematics (and dynamics) is the rotation of the Galaxy. There are three main components of the motion which are of interest: the rotation curve, pattern velocity and velocity dispersion.
Rotation curves of several galaxies were presented by Sofue et al. (1999) which are based on CO observations. Most of our focus is aimed at our Galaxy but other galaxies will be explored as well in the following.
The estimated pattern velocity for the spiral arms depends on the method used to derive this value. For our Galaxy, this problem was described by Gerhard (2011). The values seems to fall in the interval between 15 km/s/kpc and 40 km/s/kpc. Dias and Lépine (2005) found from the analysis of open clusters that the best matching value is 25 km/s/kpc. This is close to the value determined by Dias et al. (2019) (Ωp = 28 km/s/kpc), who studied the motion of fairly young open clusters. It must be kept in mind that, in the standard notation for the Galacto-centric coordinates (used also in this work), pattern velocity and angular orbital velocities of clusters and field stars must have a negative sign ([image: image], [image: image]).
One of the most recent analysis of cluster kinematics was presented by Soubiran et al. (2018). In the data set they published, all components of the 3D velocity vectors are included. However, before we start computing any statistical values, we must realize that the velocity dispersion depends heavily on the cluster age. For our analysis, it is best to exclude all clusters with [image: image]. For this, we have used ages from Bossini et al. (2019) and, if a cluster was not included in this work, we have also considered the data from Kharchenko et al. (2013). After the exclusion, we are only left with 18 clusters from Soubiran et al. (2018). The standard deviation of the cluster velocities represents a good measure of the velocity dispersion, which we found to be [image: image] km/s (15.0 km/s, considering also the excluded clusters) for the tangential component of the velocity vector. The value of the radial component is similar, [image: image] (10.5) km/s.
3.2 Pattern Breaking—Relative Orbital Drift
First, let us choose the coordinate system and the frame of reference. Since we want to understand how open clusters follow spiral arms across their host galaxies, we have decided to pick the stationary arm as the frame of reference. For the spiral arm, a galacto-centric coordinate system is possibly the best choice. We will start by defining the rectangular coordinates X and Y as they are commonly used. The center of the galaxy is located at the point [image: image] while Sun can be found at [image: image], where [image: image] kpc. The galacto-centric radius R is then simply the distance of the point [image: image] from the center of the coordinates system. The azimuthal angle ϕ is zero when we are looking in the direction towards the Sun, and it increases in the direction of the galactic rotation. The conversion between the rectangular and the polar coordinates is given by
[image: image]
We expect that the distribution of clusters born in a spiral arm will deviate over time from the initial (spiral) distribution. For simplicity, we shall assume that the motion of the spiral arm resembles the rotation of a rigid body with a constant angular velocity [image: image] (therefore, [image: image] is independent of R). Moreover, we expect that there is no momentum transfer between the density wave and the star-forming regions. Assuming a circular orbit of the cluster in the galaxy, the distance along an arc of a circle between the spiral arm and a given cluster is
[image: image]
where R is the galacto-centric radius of the cluster in (kpc), [image: image] is the orbital velocity of the cluster given by the rotation curve in (km/s), [image: image] is the pattern velocity of the spiral arm in (km/s/kpc), and [image: image] is the logarithm of the cluster age in (yr). Since the motion of the pattern is strictly different from the rotation curve (except for the corotation regions), it is clear that most clusters born in a spiral arm will drift away from the position of this arm. However, the situation is quite different for each individual cluster since this drift depends strongly on the cluster age. In the later sections, we will analyze the populations of clusters based on their ages and use more realistic orbits.
Unfortunately, we cannot make a proper use of the quantity s. We would like to use the distribution of clusters to find the location of the spiral arm they were born in. This prohibits us from knowing the location of the arm in advance, therefore s bears no real information. To deal with this, we can use the number of available clusters in our advantage. We can calculate the relative drift of two clusters located (radially) some distance apart, assuming that they were born at the same time (in the same phase of the arm’s orbit). We find that
[image: image]
where [image: image] is the radial distance of the clusters. The clusters will drift away from each other simply because their orbits do not follow the kinematics of a rigid body. Furthermore, we may assume that [image: image], which leads to the simplification of Eq. 2
[image: image]
This should, approximately, hold for the region in the Solar neighbourhood. For illustration, we shall consider the pattern velocity [image: image] km/s/kpc. Then we will find that the relative orbital drift for two cluster [image: image] kpc apart will be about 8 pc for [image: image], 80 pc for [image: image] and 250 pc for [image: image]. Again, this is simply the result of the fact that the cluster orbits do not follow the spiral arm but rather the Galactic rotation. For comparison, the width of the spiral arms of our Galaxy tends to be around 300 pc.
If we were to assume that the clusters follow the spiral arm perfectly, the term [image: image] in Eq. 1 would be zero, and therefore also s would be identically zero. However, there is still a possibility for the drift to occur. So far, we have not considered the fact that the velocity field of a galaxy also consists of a velocity dispersion. If we were to include it in Eq. 1
[image: image]
then the term in the brackets can become very small only if the dispersion of velocities is also very small (σ<1.0 km/s). The term [image: image] represents the component of the velocity dispersion tangential to the circular orbit at the given galacto-centric radius. We note that [image: image] does not cancel out in [image: image] because it does not represent a value but rather a function generating random values with a given dispersion.
The situation gets even more complicated when we assume that the clusters can also drift in the radial direction. Obviously, the radial drift would be fully dominated by the velocity dispersion since no other significant terms would be present in the bracket in Eq. 1. For this reason, such drift is purely statistical and can only enhance the total value of s. Since the orbits are expected to be bound, no linear motion is expected in the radial direction anyway. Later on, we will return to the two-dimensional drift dominated by the velocity dispersion.
The problems, which we are about to study, have already been discussed and observationally confirmed in the past (for example, see Roberts, 1969; Mathewson et al., 1972). Our intention is to look at the comparison of our simulations with the newest available data for star clusters. The relevance of using such objects as tracers of spiral arms must be tested with each major observational leap forward, which Gaia definitely represents.
3.3 Pattern Breaking—Rotation Curve and Age Dependence
For start, we will assume zero velocity dispersion. Let us compare the observed rotation curves of different galaxies (Sofue et al., 1999) with the model described in the previous section. This will be done using three different clusters ages: [image: image]. It is worth noting that many galaxies (even our own) display sharp changes in the rotation curves in the inner regions—we should expect that at some galacto-centric radius R (near the inflection point) the bracket in Eq. 2 may becomes zero. Around this point, [image: image] changes sign, although we only care about the magnitude (the absolute value) of the relative drift.
For our Galaxy, we have used Ωp = 25 km/s/kpc and [image: image] kpc (Figure 1). At a distance below ∼1 kpc, the function [image: image] peaks with the values 35, 350, and [image: image] pc for the three different ages, respectively. Afterwards, the curve slowly falls down, until it reaches a secondary maximum (with a height smaller by a factor of 0.57 of the primary maximum) at around 8.0 kpc. It seems that the drift becomes significant enough in the Solar neighbourhood for clusters with [image: image]—specifically, the drift starts to reach values comparable with the widths of spiral arms (∼300 pc for the Local Arm).
[image: Figure 1]FIGURE 1 | The orbital drift of the open cluster in our Galaxy from their host spiral arm as a function of the galacto-centric radius and time. The values of [image: image] under the logarithm are in parsec. Used parameters: Ωp = 25 km/s/kpc, [image: image] kpc, rotation curve from Sofue et al. (1999), approximated by a high-degree polynomial ([image: image]).
Braun (1991) studied the structure and kinematics of the Andromeda Galaxy (M 31). One of the results of this work is the spiral pattern velocity, Ωp = 15 km/s/kpc. This helps us to explore the Andromeda Galaxy in the same way as our own Galaxy (assuming [image: image] kpc). Figure 2 shows the resulting curves. It is immediately apparent that there is no global maximum (although we have cut out the region R < 0.5 kpc). The relative orbital drift varies only slightly with the galacto-centric radius, averaging at about 9, 90, and 285 pc, respectively. These are the smallest values among the four galaxies analyzed in this section. Indeed, the older clusters [image: image] appear to trace the spiral arms quite well (Caldwell et al., 2009). However, there is another point to be made about the older clusters, which we shall explore later on.
[image: Figure 2]FIGURE 2 | The orbital drift of the open cluster in M 31 from their host spiral arm as a function of the galacto-centric radius and time. The values of [image: image] under the logarithm are in parsec. Used parameters: Ωp = 15 km/s/kpc, [image: image] kpc, rotation curve from Sofue et al. (1999), approximated by a high-degree polynomial ([image: image]).
The next galaxy we want to inspect is M 51. It was discussed in Meidt et al. (2008) that there are quite obvious variations in the spiral pattern velocity of this galaxy at different galacto-centric radii. The pattern velocity starts from around 90 km/s/kpc in the inner regions of the galaxy and reduces down to about 50 km/s/kpc in the outer regions. For our analysis, we have used the latter value and [image: image] kpc. Figure 3 shows that the situation is quite different from what we saw in the Milky Way. If we disregard the region R < 0.5 kpc, we see that there is no apparent global maximum and that [image: image] oscillates around a well defined value of 34, 340, and 1,050 pc, respectively. The mean value of [image: image] appears to be somewhat larger than in Milky Way. However, the situation would change considerably if we assumed that [image: image]. Let us try a function [image: image], which has a value 90.0 km/s/kpc at R = 1.2 kpc and 50.0 km/s/kpc at R = 2.5 kpc—the plot of [image: image] curves calculated based on this function is overlaid in Figure 3. The results for different functions [image: image] clearly vary—the power law function seems to bring [image: image] of M 51 closer to what we see in our Galaxy (where we, however, assumed constant [image: image]).
[image: Figure 3]FIGURE 3 | The orbital drift of the open cluster in M 51 from their host spiral arm as a function of the galacto-centric radius and time. The values of [image: image] under the logarithm are in parsec. Used parameters: [image: image] km/s/kpc, [image: image] kpc, rotation curve from Sofue et al. (1999), approximated by a high-degree polynomial ([image: image]).
Finally, Mulder and Combes (1996) showed that Ωp = 14 km/s/kpc provides the best fit to the observations of NGC 3310. Once again, let us use the value [image: image] kpc. The rotational curve of this galaxy was taken from Epinat et al. (2008). The function [image: image] (Figure 4) is much more interesting than in the previous cases. Although the local maxima reach about the same values as we saw before, the typical values of the relative drift is generally smaller. Moreover, it is evident that there are multiple changes in the sign of [image: image]. It seems that NGC 3310 could be a bit more resistant to the breaking of the spiral distribution of clusters. However, there are no estimates of the width of the spiral arms of this galaxy and it is also worth mentioning that there is evidence of a recent merger (Miralles-Caballero et al., 2014), which could slightly complicate the situation.
[image: Figure 4]FIGURE 4 | The orbital drift of the open cluster in NGC 3310 from their host spiral arm as a function of the galacto-centric radius and time. The values of [image: image] under the logarithm are in parsec. Used parameters: Ωp =14 km/s/kpc, [image: image] kpc, rotation curve from Epinat et al. (2008), approximated by a high-degree polynomial ([image: image]).
Another interesting approach is to set the rotation curve to be constant. In such case, the only remaining term in Eq. 2 is [image: image]. For spiral arms rotating as rigid bodies, this will be a constant, therefore [image: image] and the relative drift [image: image] will grow exponentially as a function of time.
3.4 Pattern Breaking—Velocity Dispersion
The velocity dispersion of an aggregate of bodies (we are interested solely in the bodies within individual galaxies) plays a significant role in the kinematic evolution of that aggregate. The magnitude of the dispersion varies from one system type to another. For stars in open clusters, one typically finds values of the order of ∼1 km/s (e.g., Kim et al., 2019, the value tends to increase with the age of the cluster). The velocity dispersion of young open clusters in their host galaxies reaches somewhat higher values (5–10 km/s in our Galaxy, Soubiran et al., 2018). More intermediate values are typically found in the stellar population of the disks of spiral galaxies—for our Galaxy, Gaia Collaboration et al. (2018c) found 10–50 km/s (different values for the radial, tangential, and vertical components). It is worth keeping in mind that the results are affected by the binary fraction, although the extent of this effect is currently unknown. Finally, an emphasis must be put of the fact that the velocity dispersion is a time-dependent quantity—it slowly increases over time (Yu and Liu, 2018).
If we set a cluster to follow the spiral arm perfectly (the term in the brackets of Eq. 1 is zero), the only remaining quantity is the velocity dispersion. In this example, we will be following the arm in its frame of reference and assume that the velocity dispersion is defined in the rotating frame. The random velocity vector is generated from a normal distribution, based on the dispersion, for each individual cluster—this vector is set to be constant. This is not physically acceptable and we shall return to this point in a moment. Right now, we would like to statistically examine, what is going to happen to the distribution of clusters if their orbital velocities randomly deviate from the pattern velocity.
For this, we can generate (for example) N = 20,000 values of [image: image] for a given value of [image: image] and [image: image]. Afterward, we can calculate the ratio [image: image], where M is the number of values for which the resulting drift [image: image]. Parameter [image: image] is set to be either 300 or 500 pc, which is comparable with the spiral arm widths in our Galaxy. Statistically, this should represent the probability that a cluster of given age is going to be able to drift beyond [image: image], assuming that the kinematics is dominated by the given value of [image: image]. The results for [image: image] are presented in Figures 5, 6.
[image: Figure 5]FIGURE 5 | The estimated probability, that a randomly located cluster in a galaxy drifts from the spiral arm (its birthplace), as a function of the velocity dispersion. The simulation was done for multiple cluster ages. The cut-off value for [image: image] was chosen to be 300 pc. The pattern velocity is Ωp = 25 km/s/kpc.
[image: Figure 6]FIGURE 6 | The estimated probability, that a randomly located cluster in a galaxy drifts from the spiral arm (its birthplace), as a function of the velocity dispersion. The simulation was done for multiple cluster ages. The cut-off value for [image: image] was chosen to be 500 pc. The pattern velocity is Ωp = 25 km/s/kpc.
When assuming pure velocity dispersion (σt = 10.0 km/s) for the relative velocities of clusters compared to the motion of the spiral arm, the probability of a cluster drifting away from the arm becomes significant starting at ages between [image: image] and [image: image]. We can see in Figures 5, 6 that the result depends strongly on the considered velocity dispersion value—this value is not very well constrained for the young clusters (Gieles et al., 2010).
The combination of the rotation curve velocity term (Milky Way) with the dispersion term is shown in Figure 7. While the velocity term of the rotation curve simply moves the clusters away from the spiral, the velocity dispersion destroys (over time) any information about the original distribution. This conclusion is comparable to what has been observed for M 51. It is clear in Figure 1 from Chandar et al. (2017) that clusters up to about [image: image] qualify as good tracers of the spiral arms. On the other hand, the observed older clusters in M 31 should not be good tracers of the spiral arms, assuming a velocity dispersion of σt > 10 km/s (Collins et al., 2011). This contradicts what has been indicated by observations—see Section 3.3. An observational bias is one possible explanation (not many clusters were used by Caldwell et al., 2009, Figure 10), but a more sophisticated model (Dobbs and Pringle, 2010) could also solve this problem.
[image: Figure 7]FIGURE 7 | The estimated probability, that a randomly located cluster in a galaxy drifts from the spiral arm (its birthplace), as a function of the velocity dispersion. The simulation was done for multiple cluster ages. Orbital motion based on the rotation curve of the Milky Way is also included. The cut-off value for [image: image] was chosen to be 300 pc. The pattern velocity is Ωp = 25 km/s/kpc. The decrease in the probability for higher ages is due to the fact, that rotation is enough to destroy the spiral structure—the velocity dispersion then slightly increases the chance that some of the clusters will stay near the arm (when compared with the zero-dispersion).
The pattern of the spiral arm in the distribution of open clusters does not break precisely in the way that was described here—this approach was used solely to estimate the effect of a random deviation of the orbital velocities from the pattern velocity. The velocity vector of clusters (or field stars) cannot be considered to be constant since the orbits are bound. Instead, a different approach must be taken. For example, the epicyclic approximation can be used to describe non-circular orbits. If we were to think about the velocity dispersion in the X and Y coordinates, the approach introduced here would not work—orbits need to be bound, which means that fictitious forces have to appear in the equations of motion.
Hydrodynamic simulations serve as a more precise tool for studying this problem (although they can become more time-consuming). For example, Dobbs and Pringle (2010) showed that different excitation models for the spiral arms result into different age-distributions of star clusters. In combination with observations, such approach can be used to determine the possible excitation mechanisms for different galaxies.
3.5 Simulating Local Spiral Arm
As a next step, we would like to compare a simulation of the breaking of the spiral pattern of the Local Arm with observations. For this, we shall use all of the kinematic parameters of our Galaxy mentioned in Section 3.1, together with the Gaia data. In what follows, we outline the overall procedure.
1. Simulate the Local Spiral Arm. For this we have used the model from Ringermacher and Mead (2009), using the parameters [image: image], [image: image] and [image: image]. This gives us a fairly good representation of the Local Arm when compared with the model from Reid et al. (2014).
2. Create clusters at random positions along the arm. In our simulation, we have arbitrarily chosen 7,000 clusters to be produced. The width of the arm is simulated by randomizing position in the rectangular coordinates, reaching standard deviation of ∼300 pc at R∼8 kpc. This scatter can be scaled with the Galacto-centric radius but the change would be quite small in the spatial region we are interested in. Most of the open clusters studied in Gaia data are located within 4 kpc from the Sun, and one has to keep in mind that the distance error scales with the distance to the cluster.
3. For each cluster, simulate its members (a random number between 100 and 300 stars) using its location and a normal distribution with the width of 10 pc (corresponding to an upper value of typical cluster sizes, van den Bergh, 2006). This resembles the actual positions of cluster members in our simulation (although the kinematics will be used just for the clusters themselves, not for the individual member stars).
4. A good estimate of the absolute parallax error in Gaia DR2 is about 0.3 mas. The procedure converts the true distances into true parallaxes and applies the uncertainty values. For each star, the value of parallax is generated using a normal distribution centered at the true parallax, with the widths corresponding to the uncertainty. This simulates the process of measuring the parallaxes of the individual stars.
5. We shall assume that the parallaxes of cluster members form a normal distribution—the true parallax can be fairly precisely estimated by finding the center of the ϖ distribution of the cluster members. The procedure estimates the cluster distances d by inverting the central parallaxes. This approach is much more robust than simply inverting all of the parallaxes and finding the center of that distribution (however, not as good as using a Bayesian approach). For a more comprehensive insight into the conversion of parallaxes into distance, we redirect the reader to the interesting work by Luri et al. (2018).
6. Polar Galactic coordinates (from the perspective of the observer) are transformed again into rectangular coordinates, assuming that the Sun is located at (−8.3, 0.0) kpc. An arbitrary Gaussian probability distribution function (using the observed distance as a variable) is applied to simulate the fact that the more distant clusters can be missed. The cut-off between the revealed and the hidden clusters is set to be about 2 kpc away from the observer. We have to point out that only clusters along the spiral arm are simulated—we should still be able to recognize the spiral pattern in the distribution of clusters at this point.
7. A velocity vector is generated to each of the revealed clusters. It consists of the orbital velocity generated from the rotation curve of the Milky Way, and the x and y components of the velocity dispersion. Motion of each cluster can be described by the epicylic approximation. It is also worth mentioning that the uncertainty in the measurement of radial velocities should play a role similar to the one played by the velocity dispersion.
8. The clusters are allowed to move for a period of time A, after which the distribution of the clusters is checked again.
We shall assume that the kinematic effect of the tidal dissipation of clusters can be neglected, and clusters are allowed to follow orbits resulting from the epicylic approximation. Standard notation is implemented.
[image: image]
where x is oriented in the radial direction and y is oriented in the tangential direction of the circular part of the motion, [image: image] and [image: image] are the amplitudes of the epicyclic motion, κ is the epicyclic frequency, and ψ is the initial phase of the epicyclic motion. We have used the velocities generated by the velocity dispersion as the initial values of [image: image] and [image: image]. If we calculate the time-derivatives of Eq. 3, we can eliminated ψ from the equations
[image: image]
and κ can be found from the relation [image: image] evaluated at the radius of the circular part of the motion, [image: image]. Moreover, [image: image] and [image: image] are linked by another relation
[image: image]
We can combine Eqs. 4,Eqs. 5 to determine the unknown values of the amplitudes, and then return to the relations for [image: image] and [image: image] to find
[image: image]
The motion in the polar Galacto-centric coordinate system is then described by the following two equations
[image: image]
which can be easily transformed into the rectangular Galacto-centric coordinates. Finally, the spiral arm is also rotating in the Galaxy. To characterize the motion of the clusters with respect to the motion of the spiral arm, the positions of the individual clusters must be rotated by the angle [image: image]. We emphasize that the pattern velocity [image: image] is taken to be a constant.
We have simulated two situations—using only velocity dispersion, and assuming the full motion with the use of the epicyclic approximation. The resulting distributions are presented in Figures 8, 9 respectively. Pattern breaking, in the case of the epicyclic approximation, is dominated by the rotation curve. On the other hand, the velocity dispersion could not break the spiral pattern on its own—this is the result of the assumption of bound orbits (which is not considered in the pure-dispersion model). In reality, velocity dispersion vector increases with time, which would enhance the pattern breaking. Therefore, [image: image] would be the driving mechanism for the spiral pattern breaking in terms of the dispersion.
[image: Figure 8]FIGURE 8 | Breaking of the spiral pattern in the distribution of open clusters due to the dispersion of velocities introduced in the rotating frame of reference. As we discussed in the text, this situation is not physical. However, it still provides us with statistical information—even relatively small deviations from the orbital velocity (∼10 km/s) of the spiral arm would cause a breaking of the pattern.
[image: Figure 9]FIGURE 9 | Breaking of the spiral pattern in the distribution of open clusters due to the difference between the orbital motion of the clusters and the pattern velocity of the rotating spiral arm. Velocity dispersion is introduced in the non-rotating frame of reference and describes the epicyclic motion. If the difference between the orbital velocity and the pattern velocity was zero, the cluster would not deviate (in this simple approximation) far from the spiral arm, it would rather oscillate around a point within the arm. The pattern breaking is dominated by the rotation curve—most of the clusters in the Local Arm are located beyond the corotation radius of this model, which results in the clusters trailing behind the spiral arm.
It is worth mentioning that the uncertainties in the observed distances played only a minor role in the simulation (unless clusters with distances [image: image] kpc are taken into account). Much more dominant would be the uncertainties in the measurement of the velocity vector, if they were taken into account (we may assume that the uncertainties are hidden in the velocity dispersion term).
Clusters younger than [image: image] follow the spiral arms very closely, as was expected. These objects represent a good tool for tracing spiral arms, even in the dynamically warmer galaxies. Unfortunately, most of such objects were missed in Cantat-Gaudin et al. (2018) who used primarily clusters with [image: image]. Nevertheless, their distribution of the clusters younger than [image: image] seems to represent the position of the spiral arms quite well, as was highlighted by the authors.
The main goal of this simulation was to study the situation after [image: image]. Clearly, most of the clusters have drifted away from the spiral arm in both simulated cases. Although the simulation in Figure 8 is quite non-physical, it still provides a simple look at what happens with the distribution if only velocity dispersion is taken into account—the structure slowly dissipates into the surrounding area. The more realistic case is the assumption of nearly circular orbits (epicyclic approximation, Figure 9). Here we see that the distribution of the clusters changes from a spiral structure into a ring-like distribution, corresponding to a randomized position of the clusters within the Galactic disk.
3.6 Spiral Pattern in the Distribution of Open Clusters
We have seen that the distribution of open clusters changes based on their ages. However, when we observe clusters, the resulting data set almost always contains objects representing a mixture of ages. In principle, we can determine the cluster ages from the photometric data (isochrone fitting) but even if we ignored uncertainties, the resulting subsets of clusters would contain only a small number of objects. This is especially true for Cantat-Gaudin et al. (2018), where we see a lack of the younger clusters due to an observational bias. A small number of objects means that whatever statistical analysis we want to perform (for example, young clusters tracing a spiral arm), the results will turn out to be quite unreliable.
Fortunately, we can make use of everything we studied in the previous sections. We know that clusters younger than [image: image] should follow the spiral arm they were born in quite tightly. On the other hand, older clusters should represent a background population. But how to display this situation? If we were to show all of the clusters, the map of their distribution would very messy. This results from the fact that a lower number of clusters are being born every 1 Myr than there are clusters older than them.
We find that breaking the distribution of clusters into three groups consisting of objects with ages around 3.1 (G6.5), 31 (G7.5) and 310 Myr (G8.5) works quite well. These groups are represented in Figure 10 by different symbols and colours. The assumed kinematics are the same as in the previous section (epicyclic approximation, Ωp = 25 km/s/kpc, rotation curve of the Milky Way, the same spiral arm as described above), but there are two spiral arms (the second one is created by rotating the original one by 180° around the Galactic center). The simulation starts at t = 0 Myr and continues with a time-step [image: image] Myr. At the beginning of each step, 100 clusters are born randomly across the whole arm, and the simulation stops at t = 1000 Myr. At this point, the distribution should be stable, and the positions of the clusters are plotted into Figure 10.
[image: Figure 10]FIGURE 10 | Maps of the cluster distribution estimated for a kinematic model of our Galaxy. The clusters were separated into three groups: G6.5, G7.5, and G8.5. (A): the composite picture of the distribution; red crosses and blue triangles follow the spiral arm quite closely. (B): clusters with ages around 3.1 Myr. (C): clusters with ages around 31 Myr. (D): clusters with ages around 310 Myr.
In the subplots, the data points are scaled using a Gaussian distribution centered at the age of the given group, with a width of 20% of this value. This means that if we were to follow one of the clusters in time, it would:
• First, appear at an age of about 6.5 as a red cross, then it would very quickly fade away
• It becomes visible again as a blue triangle at an age of about 7.3, afterwards fades at about 7.6
• Lastly, the cluster appears as a yellow circle at 8.4 for a significantly longer amount of time and disappears at an age of 8.6
The third group consists mostly of clusters just below the upper bound of the life-span of a typical open cluster in our Galaxy (∼1 Gyr, Spitzer, 1958).
The distribution of clusters in Figure 10 looks just as expected. The younger clusters from the groups G6.5 and G7.5 closely follow the spiral arms, with only a small angular lag between them (depends of the Galacto-centric radius, the lag is close to zero near the corotation). The group G8.5 shows that the distribution of clusters in the inner region of our Galaxy randomizes while the outer region should retain its spiral structure under our kinematic assumptions. However, this older distribution lags significantly behind the actual position of the spiral arm.
4 DIFFUSE INTERSTELLAR BANDS AS TRACERS OF SPIRAL ARMS
Diffuse interstellar bands (DIBs) is a designation of a several 100 mysterious absorption features, most likely originating from the interstellar medium. They appear in the lines of sight toward stars of different spectral types, although they are most prominent in the spectra of reddened hot stars. Most of the DIBs are quite narrow (FWHM < 0 nm), with only several exceptions (e.g., the strong bands at 443.0, 578.0, and 628.4 nm). These bands have been observed not only within Milky Way but also in other galaxies:
• Magellanic Clouds (Ehrenfreund et al., 2002)
• M 31 (Cordiner et al., 2008a)
• M 33 (Cordiner et al., 2008b)
• NGC 1448 (Sollerman et al., 2005)
• NGC 4038/NGC 4039 (Monreal-Ibero et al., 2018)
• NGC 1614, NGC 1808, NGC 2146, NGC 3256, NGC 6240, M 82, and IRAS 10565 + 2448 (Heckman and Lehnert, 2000)
Although many DIBs are located near regions contaminated by other lines/bands (for example, the overlap of the telluric band with the DIB at 628.4 nm), some remain easily resolved in the most of the spectra (e.g., 661.4 nm band). Given their characteristically narrow profiles, these bands could be quite useful for studying the interstellar medium of galaxies, depending on the spectral region, resolution and on the choice of the DIBs.
One of the common properties of the individual DIBs is that they are somehow correlated with the interstellar reddening (Merrill and Wilson, 1938). Although this correlation is often described as linear, the relation between the reddening [typically [image: image]] and the strength of the DIBs (usually described by their equivalent widths, EWs) is far more complicated. For start, the distribution of the points in the reddening-EW diagrams is usually quite broad. Moreover, if we just use only one DIB, we will find that the correlation differs between different lines of sight in our Galaxy (see, for example, Piecka and Paunzen, 2020).
Some of the DIBs can be shown to posses quite complicated profiles using high-resolution spectroscopy (ideally R>100,000). We mention two examples, the bands at 579.7 and 661.4 nm, the profiles of which differ in many ways. Curiously, the origin of these structures is not yet well understood. According to Cami et al. (2004), the most likely explanation is that 1) the structure is the result of unresolved ro-vibrational structure of the molecules, or 2) the isotope effect dominates in the structure. The latter option is typically dismissed due to the observed variations in the relative positions of the individual peaks in the bands profile.
4.1 Origin of the Diffuse Interstellar Bands
Discovered about 100 years ago (Heger, 1922), vast majority of the DIBs remain unidentified to this date. Only quite recently, several bands were attributed to the molecular ion [image: image] by Campbell et al. (2015). This assignment was later supported by the observations (Cordiner et al., 2019). There are many other molecules which were considered as carriers of some of the DIBs, for example: different polycyclic aromatic hydrocarbons (PAHs, e.g., see Salama et al., 2011), carbon chains (Maier et al., 2004), propadienylidene l-C3H2 (Maier et al., 2011). However, these DIBs were found to be located outside the regions of bands of the corresponding molecules. The verification is based on the high-precision laboratory spectroscopy.
As was mentioned above, correlation between DIBs and the reddening varies across the sky (and most likely even in the radial direction). Not all of the DIBs are always present in a given line of sight and the EW-ratios of a pair of DIBs are usually inconsistent, except for the well correlated pair at 619.6 and 661.4 nm (Krełowski et al., 2016). Together with the variations in the profiles of DIBs, this would suggest that the number of carriers depends heavily on the conditions within the probed medium. Moreover, there have to be multiple different species in order to explain the observed EW-ratios. Jenniskens et al. (1994) showed that one of the most important properties of the medium surrounding the DIB carriers is the intensity of the UV radiation field. Generally, carriers seem to be more abundant in the regions with high intensity UV fields (such as the Orion Nebula, M 42, mentioned in the cited paper) than in the dense molecular regions. However, this is not a strict rule—Jenniskens et al. (1994) pointed out that the 628.4 nm DIB behaves differently than described.
One topic which remains seriously unexplored is the formation of the carriers of DIBs. Presently, there are no specific theories about the processes leading to the creation of the DIB-carriers in the interstellar medium (ISM). Very important questions are still left unanswered:
• Are these species formed in situ, or do they exist for an extended amount of time (albeit in several different states)?
• Do these species form during the destruction/formation processes of interstellar dust grains, or is their creation unrelated to dust?
• Can these species be born in stellar outflows?
We can learn much from the observed spectra. For example, studies of the planetary nebulae have shown that fullerenes (such as C60) can be found in circum-stellar medium or in stellar outflows (García-Hernández and Díaz-Luis, 2013). Such relatively simple and very stable molecules are thought to be the product of larger molecules being broken down (Berné et al., 2015). The reason why C60 appears as the most abundant of the fullerenes is its stability. If we accepted this model (top-down formation) to be the most realistic, we could study the details of the formation processes. However, this is only usable for this single molecule as (at least) dozens of other carriers remain unidentified. Can the story behind the other molecules be the same as for the fullerenes?
The interstellar environment puts strict physical constraints on the structure of the carriers—they are most likely moderately sized organic or carbonaceous molecules, [image: image], with highly symmetric structures providing resistance to the UV photo-dissociation. Recently, Omont et al. (2019) brought into attention a subclass of PAHs, the polyacenes, which easily fulfill all of the required properties. Unfortunately, high-quality laboratory spectra are only available for a small number of these molecular species.
4.2 Mapping the Interstellar Medium
It might seem that these bands could, in principle, be quite good tracers of the spiral arms. This is due to the much larger star-formation rates in the arms than in the space between them. Such regions can become rich in the nebulae such as M 42, which should produce larger absorption in the DIBs. However, we should keep in mind the following: although a given DIB is a good tracer of a specific set of conditions, the specifics of these conditions are poorly understood.
An interesting map of the infrared DIB at 1.5273 μm was presented by Zasowski et al. (2015). Their work is based on the spectra of ∼60,000 stars from SDSS/APOGEE. Unfortunately, no spiral arm is visible in their map.
Elyajouri and Lallement (2019) presented over 100,000 measurements of the 1.5273 μm DIB (also SDSS/APOGEE). The lines of sight cover much of the region between [image: image] and [image: image]. We wanted to use these results to construct maps similar to those from Zasowski et al. (2015). When mapping diffuse interstellar bands, it can be rewarding to also look at [image: image], the ratio of the EW and the extinction value in that direction (authors adopted values from Starhorse database). In Figure 11, we show the maps based on the results from Elyajouri and Lallement (2019). The ratios are shown in the upper plot, the EWs in the lower plot. Distances were calculated by inverting parallaxes ϖ from Gaia DR2, restricting ourselves to |z| < 100 pc. We would like to point out that the parallax inversion may lead to distortions in Figure 11 at distances (from the center) larger than about ∼1 kpc. To improve the situation, we excluded all lines of sight for which the stellar parallaxes from Gaia DR2 have relative errors [image: image]. The maps were created by binning targets in cells (200 × 200 pc) and using the median of the mapped quantity in for each cell. Finally, the intensity of the cells reflects the magnitude of the quantity—larger value means darker cell. For the ratios, we have introduced a cut-off value [image: image], meaning that all cells with larger values than this limit are equal in the map (darkest black). The intensity then drops and is equal to the ratio value. For the EWs map, the intensities are scaled by the maximum value of median (EW), which in our case is 491.92 mÅ.
[image: Figure 11]FIGURE 11 | The maps of the DIB at 1.5273 μm, based on the data from Elyajouri and Lallement (2019). The upper plot displays the distribution of the ratios [image: image], the lower plot shows the distribution of EWs. The darker the cell, the higher the value. The coordinates are centered at the position of the Sun (not the Galacto-centric coordinates). The nearby spiral arms from Reid et al. (2014) are displayed with different colours (black—Perseus Arm, blue—Local Arm, magenta—Sagittarius Arm); the corresponding dotted lines emphasize their widths.
The results are comparable to what Zasowski et al. (2015) showed. In the near vicinity of the Sun, the use of the DIBs for tracing Galactic arms is fairly limited. The biggest problem with the maps of EWs is that their values are always integrated in the line of sight. There is a possible solution to this problem. If we have two targets which are very close to each other on the sky but distant in the parallax, we could subtract the EW of the closer target from the more distant one, leaving potential only the amount of absorption from the region beyond the closer target. However, there are several difficulties. Firstly, the observed quantities (EWs, parallaxes) are accompanied by uncertainties, which may affect the result. Secondly, we have no prior knowledge about the variation of the EWs across the sky in the observed area around the target stars—these variations may have a large impact on the suggested subtraction procedure. Finally, if we look at the distance-EW diagrams, we shall see a significant scatter. The EWs do not seem to follow any curve in such plots, instead they are somehow distributed from zero up to an upper limit value, which depends on the distance. We can either attempt to extract these upper limits per distance, or median values, but neither of those provides a precise measure which is required for our procedure.
The ratios [image: image] can be somewhat more useful when looking at the spatial maps of DIBs. The idea is to use the mentioned infrared DIB, because of its tight correlation with the extinction (Zasowski et al., 2015). Indeed, the darkest cells in the upper plot of Figure 11 seem to follow the Local Arm. However, this may be a result of some unknown bias. However, this approach can be a bit problematic. This is due to the introduction of the division of by [image: image] (which is also accompanied by an uncertainty).
In Figure 2, Monreal-Ibero et al. (2018) presented maps of the 578.0 and 579.7 nm DIBs in the Antennae Galaxies (NGC 4038/NGC 4039). Their maps cover a large part of the northern spiral arm. Moreover, the carriers of the studied DIBs seem to be fairly abundant in some regions of the arm. Regardless, a closer inspection of the map of 578.0 nm DIB shows that the EW varies across the arm—the arm passes through regions with both, relatively strong and weak absorption in the DIBs. The situation is the same outside of the arm. In this case, the chosen band appears as a poor choice of a tracer of the spiral structure of these galaxies. The DIB at 579.7 nm covers somewhat smaller regions than the one at 578.0 nm. Its map shows that the strongest absorption is located within the region where the strongest optical absorption is observed. Again, no spiral structure can be distinguished in the map.
To our knowledge, no other detailed maps of other galaxies have been published. Theoretically, the ability of DIBs to probe interstellar medium with a narrow range of possible properties can be very handy. The practicality of using these tools is limited by the spectroscopic resolution, the signal to noise ratio (which becomes a very important factor when studying distant galaxies), and finally the ability to derive the parameters of the band-profiles. It remains to be seen whether DIBs will become useful as tracers of the galactic structure.
5 CONCLUSION
We have based our simulations of motion of open clusters on some of the newest data from Gaia (velocity dispersion) and on the rotation curve of the Milky Way. We have constructed a simple mathematical apparatus for the analysis of the distribution of open clusters when compared with the spiral arm they originate from. As expected, the older clusters seem to move away from the arm—this makes such clusters poor tracers of the spiral structure of galaxies.
Although the investigation of spiral arms was not the main contribution of the work Cantat-Gaudin et al. (2018), they have used older clusters for demonstrating the possibility of using Gaia for this purposes. We should remind ourselves that such results must be viewed upon with care—only the young open clusters (younger than about 100 Myr, but even younger should be preferred) can be used to get reliable results. It is worth mentioning that the number of clusters younger than about 30 Myr is very low in the cited work. Despite this, the nearby open clusters are found near the relevant spiral arms near the Sun.
Figure 8 and Figure 9 display how the distribution of open clusters breaks away from the spiral structure after some amount of time. The former shows how this would happen, if the clusters had moved away from the arm with random velocities—although an non-physical solution, this demonstrates how the difference between the motion of physical objects of the host galaxy and the motion of the spiral arm must result in pattern breaking. The second plot is based on the epicylic approximation of the cluster orbits. After some time (>300 Myr), the distribution turns from being a spiral into a ring-like structure.
In Section 3.6, we have demonstrated purely kinematic simulation of open clusters being born in the spiral arms. Dynamical processes could further enhance the effect of pattern breaking in the distribution of open clusters. The model of the simulated galaxy is close to our present view of the Milky Way. We can see that, at some point, the distribution of the older clusters winds up.
Although greatly inferior to the N-body and hydrodynamic simulations, we have shown that the described approach proves to be useful for taking an initial look at the observed data. It makes it possible to analyze multiple different galaxies in a short time. However, more sophisticated methods should be preferred when attempting to study the problem at hand in greater detail.
Finally, we have studied the map of the DIB at 1.5273 μm (Figure 11). There does not seem to be any clear spiral structure present in the map, although something appear in the vicinity of the Local Arm—it is difficult to distinguish whether this is a result of a bias (possibly caused by the inversion of parallaxes). The lack of a larger number of measurements in the other DIBs prevents us from analyzing the map at different wavelengths. Based on this result and comparing with maps of other galaxies in the literature, we conclude that DIBs appear to be ineffective when tracing spiral arms. However, we do not rule out the possibility that a different approach or additional data could change this status.
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