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Abstract

:

The number ratio of carbon-rich to oxygen-rich asymptotic giant branch (AGB) stars (the so-called C/M ratio) is closely related to the evolution environment of the host galaxy. This work studies the C/M ratio in 14 galaxies within the Local Group with the most complete and clean sample of member stars identified in our previous works. The borderlines between carbon-rich AGB and oxygen-rich AGB stars as well as red supergiants are defined by Gaussian mixture model fitting to the number density in the   ( J − K ) / K   diagram for the member stars of the LMC and M33, and then applied to the other galaxies by shifting the difference in the position of tip red giant branch (TRGB). The C/M ratios are obtained after precise and consistent categorization. Although for galaxies with larger distance modulo there is greater uncertainty, the C/M ratio is clearly found to decrease with the color index    ( J − K )  0   of TRGB as the indicator of metallicity, which agrees with previous studies and can be explained by the fact that carbon stars are more easily formed in a metal-poor environment. Furthermore, the C/M ratio within M33 is found to increase with galactocentric distance, which coincides with this scenario and the galactic chemical evolution model. On the other hand, the C/M ratio within M31 is found to decrease with galactocentric radius, which deserves further study.
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1. Introduction


Asymptotic Giant Branch (AGB) stars are the low- to intermediate-mass (∼0.8 to 8   M ⊙  ) stars in the late evolutionary stage [1,2]. During this stage, the stars own electron-degenerated and inert carbon-oxygen cores, which are surrounded by shells of He and H burning alternatively [3], while huge envelopes can extend to 1 AU in their outer layer. According to the Stefan–Boltzmann law, such huge sizes result in the high luminosities of the AGB stars, whose traces in the Hertzsprung-Russell Diagram (HRD) are almost aligned with the Red Giant Branch (RGB) stars with hydrogen fusing in shells. Evidently, the AGB stars are generally brighter than the tip of the RGB stars (TRGB), where the RGB stars reach their brightness upper limit [4].



The AGB phase can be divided into two stages: the early AGB (E-AGB) stage and thermally pulsing AGB (TP-AGB) stage [5]. During the TP-AGB phase, the third dredge-up (3DU) episodes bring the products of the He-burning nucleosynthesis, including carbon as well as the elements heavier than Fe synthesized by the slow neutron capture process, into the stellar surface, changing the abundance of stellar atmospheres [6,7,8,9]. Initially, the atmospheres of AGB stars are dominated by oxygen, but the 3DU process in the TP-AGB stage would bring out a gradual increase in the abundance of carbon [10]. Based on the relative abundance of carbon and oxygen (C/O), AGB stars can be classified into C-rich AGB (C-AGB hereafter, C/O>1) stars and O-rich AGB (O-AGB hereafter, C/O<1) stars. In addition, the S-type AGB stars between the two types have strong s-element enrichments [11,12,13], and their C/O ratio can be as low as 0.5 [14]. Their near-infrared colors are similar to that of O-AGB stars [15], so in this work we count them as O-AGB stars. In O-AGB stars, the strong absorption features of oxygen-bearing molecules such as TiO and H2O are present, while optical spectra of C-AGB stars are characterized by CH, CN, SiC2 or other carbon-bearing molecules. These unique spectral features make it possible to distinguish C- and O-AGB stars by spectroscopy, and Father Angelo Secchi first discovered C-AGB stars by such features in the 1860s [16].



In terms of the spectral type, C-AGB stars are of N- or C-type, while O-AGB stars are of M- or K-type [15]. Therefore, the number ratio of C-AGB and O-AGB stars is expressed as C/M ratio. Theoretically, the C/M ratio of a group of stars is influenced by stellar metallicity, age and mass. It is easier for an O-rich star to become C-rich in a low metallicity environment [17,18]. For low-mass AGB stars, the 3DU is not so efficient, while for massive stars, the Hot Bottom Burning (HBB) prevents their transition to the C-rich stage [5]. From the compilation of Frogel et al. [19], it can be seen that the luminous C-AGB stars are absent in the oldest clusters of the Magellanic Clouds (MCs). Besides, they are also uncommonly found in the young metal-rich population. This suggests the existence of lower and upper mass limits of C-AGBs, respectively [20].



In observation, there are two conventional methods to distinguish C-AGBs and O-AGBs, i.e., the narrow-band filter method and the color-magnitude diagram method. The narrow-band filter method makes use of the spectral features around the TiO-7780Å band and the CN-8120Å band of O-AGBs and C-AGBs, respectively. The color index [TiO]-[CN] in the narrow-bands filters centered at 7780 and 8120Å then reveals the type of stars being C-rich or O-rich. Palmer and Wing [21] successfully applied this method to 47 Tuc by stellar positions in the [TiO]-[CN] vs.   V − I   diagram to distinguish C-AGBs and O-AGBs. Subsequently, this method is applied in several studies (e.g., [22,23,24,25]). However, the TiO and CN filters are not popular equipment for telescopes, which limits the generalization of this method. Both [TiO] and [CN] are located at the wavelengths of optical bands, where the brightness of AGB stars is fainter than in the infrared bands, which is negative for the detection of the spectral features. Moreover, narrow filters require longer exposure time to collect enough photons. The above disadvantages limit the completeness of the narrow-bands method. This method is also susceptible to contamination by radiation from foreground M dwarfs and background galaxies [25,26,27]. The CN spectral lines may get covered by other absorption lines when the C stars are reddened by surrounding dust containing myriad molecules, resulting in an underestimated number of C-AGB stars.



An alternative method is based on the near-infrared color-magnitude diagrams (CMD), because the C-AGBs are apparently redder and brighter than the O-AGBs. With the near-infrared CMD method, the stellar content in many nearby galaxies were investigated (e.g., [28,29,30,31,32]). Cioni and Habing [15,18], Cioni et al. [33] have classified the AGB stars in the Magellanic Clouds, M33, NGC 6822 and derived their C/M ratios with the data of the infrared (IR) surveys such as DENIS or 2MASS. In more recent studies, Sibbons et al. [34,35] calculated the C/M ratios of NGC 6822 and IC 1613 also via this method.



A problem that cannot be ignored with the near-infrared CMD method is that O-rich AGB stars are vulnerable to contamination by foreground M dwarfs, which damages the purity of the AGB sample and may lead to over-estimating O-AGB stars and then underestimating the C/M ratio. Besides, these studies usually set some constant color indexes as the criteria for the borderline between O-AGBs, C-AGBs, and x-AGBs (extreme AGB with thick circumstellar envelop). However, the distribution of various types of stars in the CMD is additionally influenced by the metallicity of the host galaxy [36], thus making it inappropriate to apply the same partition borders for different galaxies. In fact, a skewed distribution matches more closely the reality. Pastorelli et al. [37,38] calibrated the AGB population in the Magellanic Clouds based on 2MASS and GAIA photometric measurements, their samples clearly reveal a near-parallel sloped distribution on CMDs. The   J − K / K   diagram of the complete sample of red supergiant (RSG) stars and AGB stars in M31 and M33 also show that RSG stars and AGB stars present skewed distributions in the CMD in Ren et al. [39].



This work intends to study systematically the C/M ratio of fourteen galaxies in the Local Group and re-calibrate the relation of this ratio with metallicity. The Local Group contains a few dozens of member galaxies, and new faint members are still being discovered, which span a wide range of morphology, star formation history and metallicity. These galaxies’ relatively short distances (mostly within 1Mpc) make it possible to resolve and survey stellar populations in different evolutionary stages, in particular the luminous giants such as red supergiants (RSGs) and AGB stars. Thus, the characteristics of evolutionary patterns of stars in galaxies of various environments can be revealed. Based on the mediocrity principle, the stellar sample of galaxies in the Local Group allows us to make reasonable assumptions about the stellar populations of further distant galaxies for which stars are hard to be resolved.



The major improvements of this work lie in two aspects: the new samples of AGB stars in the Local Group Galaxies and the method to classify the AGB stars. In Ren et al. [39] (Paper I hereafter) and Ren et al. [40] (Paper II hereafter), we have established the most complete and pure sample of AGB stars in the targeted galaxies after removing the foreground dwarf stars effectively with a novel method based on the UKIRT near-infrared color-color diagram. Furthermore, we designed a semi-automatic code based on the Gaussian mixture model to categorize the RSG and various types of AGB stars more accurately and reliably.



The paper is structured as follows. First the data are described and selected in Section 2, the method of classification is outlined in Section 3, the result and discussion is presented in Section 4, and the summary is given in Section 5.




2. Data: The Sample of AGB Stars


This study is based on the sample of red giants and supergiants including RGBs, AGBs and RSGs in 14 Local Group galaxies after removing the foreground dwarfs in Paper I and Paper II. The host galaxies cover various distances and types, including two irregular satellite galaxies closest to the Milky Way (the LMC and the SMC), two large spiral galaxies (M31 and M33), five dwarf spheroidal galaxies (NGC 147, NGC 185, Pegasus Dwarf, Sextans A and Sextans B), and five dwarf irregular galaxies (IC 10, IC 1613, NGC 6822, WLM and Leo A).



The dwarf stars have higher surface gravity and higher density than giant stars, so the molecules in their atmospheres can form more easily [41]. As a result, the molecules form at higher temperatures in dwarfs, causing absorption in the H band and the H band brightness decreasing. Eventually, dwarfs have smaller   J − H   and bigger   H − K   than giants, a clear bifurcation is visible on the   J − H / H − K   diagram [42]. In this preliminary sample of Paper I and Paper II, the foreground dwarf stars are identified by taking use of this bifurcation. In addition, the proper motion and parallax measurements by Gaia/EDR3 are supplemented to remove dwarfs or to identify the member stars depending on the distance of the galaxy. Furthermore, the interstellar extinction is corrected for the member stars. Because these galaxies span a large range of type and Galactic latitude, Paper II applied various methods for extinction correction depending on the individual galaxy, including the reddening map by SFD98 [43], Bayestar19 [44] and OGLE [45]. However, no extinction correction is applied for the sample stars of M31 and M33, because their extinction maps suffer relatively large uncertainty and lead to confusion instead of clarification on the CMD. In addition, their extinction is small (see Section 3.4 for more).



Accordingly, we divide the sample into three groups: one group includes only the MCs, one group includes the ten dwarf galaxies at a much further distance, and another group includes M31 and M33 – two large spiral galaxies. Table 1 presents the   K 0   magnitude, the color index    ( J − K )  0   of TRGB after the extinction correction, and the number of member stars of each galaxy in the initial sample from Paper I and Paper II. In addition, the [Fe/H] of each galaxy is derived from the TRGB location according to the calibration between the colors and [M/H] of the RGB stars [46], and listed in Table 1.



2.1. The Magellanic Clouds


With a distance much shorter than the other twelve galaxies, the LMC and the SMC locate at 49.59 ± 0.09 (stat.) ± 0.54 (syst.) kpc [47] and 62.44 kpc ± 0.47 (stat.) ± 0.81 (syst.) kpc [48], respectively. They are the two closest galaxies in our sample and their   J H K   magnitudes are taken from the Two Micron All-Sky Survey (2MASS) [49]. For the convenience of comparison with other galaxies, the 2MASS   J H  K s    magnitudes are converted to the UKIRT system according to the transformation equations in Hodgkin et al. [50]. From the LMC and SMC catalogues of Paper II, the following criteria are applied to select the sample to study the C/M ratio: (1) the identified member stars in Paper II, and (2) the photometric accuracy is limited to better than 0.05 mag in all the   J H K   bands. Because AGB and RSG stars in the Magellanic Cloud are brighter than 12.0 and 12.7 mag respectively, i.e., much brighter than the sensitivity limit of 2MASS, this accuracy limit has little effect on the C/M ratio. On the other hand, the strict constraint on photometry ensures the precise division between various types of red giants.




2.2. Ten Dwarf Galaxies


The ten dwarf galaxies are all much more distant than the Magellanic Clouds with a distance modulus mostly from 24 to 25 mag so the 2MASS survey was not sensitive enough to reach the TRGB for most of them. Instead, their near-infrared   J H K   photometry data come from the UKIRT/WFCAM observation with limiting magnitude at about   K = 19   mag which is much deeper than the 2MASS limit. Correspondingly, the criteria to select the stars are modified as: (1) the identified member stars in Paper II; and (2) the photometric accuracy is better than 0.2 mag in all the   J H K   bands; (3) the extended sources are removed. We add the new filter: N_Flag = 3, or N_Flag = 2 1, and it is not an extended source. Paper II missed this criterion, which caused the overestimation of the RSG stars’ numbers. It will be shown by the fewer number of RSG stars compared to Paper II later in Section 4.3.




2.3. M31 and M33


M31 and M33 are two large spiral galaxies with distances beyond the detection limit of 2MASS. Their near-infrared   J H K   photometries are also taken from the UKIRT/WFCAM. The criteria to select the stars from them are: (1) the member stars identified in Paper I, and located in the ellipse area defined by B = 25 mag/arcsec2 isophotes; and (2) the photometric accuracy is better than 0.2 mag in all the   J H K   bands.



Table 1 presents the number of sources in the preliminary and final samples, respectively.





3. Classification of Evolved Stars


3.1. Selection of the Benchmark Galaxies: The LMC and M33


The type of evolved stars can be defined by the location in the   ( J − K ) / K   CMD that serves as an HR diagram, and the NIR bands are sensitive to the evolved stars. Paper I combine the observational and theoretical features in this CMD to clearly classify the evolved stars in M31 and M33 based on eye-check. The basic rule is to take the position of TRGB as the starting point, where RSGs are brighter and bluer than TRGB while AGB stars are brighter and redder than TRGB. We follow this rule in principle, and make some fine adjustments according to the specific situation.



With the selected sources in Section 2, the   ( J − K ) / K   CMD is created to analyze the type of stars. For the dwarf galaxies, the number of sources is generally too few to display distinct features in this CMD. Meanwhile, for large galaxies such as M31, there is neither clear CMD contour for different types of stars, which is caused by relatively confusing photometry in the crowded fields. In order to solve such problems, we select two benchmark galaxies which own enough stars with reliable photometry to define the borderlines between different types of stars. The borderlines from the benchmark galaxies are then applied to other galaxies with the shifts calculated from the TRGB position.



As stated before, the LMC has numerous stars to reveal the locations in the     ( J − K )  0  /  K 0    CMD of various types of evolved stars such as RGBs, RSGs, O-AGBs, C-AGBs and x-AGBs. In Section 2, the 12 low-mass galaxies are divided into two groups by distance, that is the MCs, and the other ten distant ones, which depend on the photometric sensitivity and uncertainty of 2MASS and UKIRT/WFCAM, respectively. Here we continue to use this division because the photometric error would broaden some branches in the CMD and thus affect the determination of the borderline. On the other hand, M31 and M33 are large galaxies with many more stars and their CMDs become more heterogeneous than other galaxies. Besides, unlike the dwarf galaxies, the extinctions of them are not corrected before we categorize their sources. Thus we set M31 and M33 into a new group for which M33 is selected as a benchmark galaxy because of its relatively clear CMD contour (Figure 2) and lower extinction [51].




3.2. Definition of the Borderlines for the LMC


Because each type of stars cluster in some area of the   ( J − K ) / K   CMD, the borderlines are usually located at the minimum number density of the diagram. The method to find the minimum density differs and depends on the quality of data. Some authors define the borderlines by eye-check, e.g., Paper I, while some define it by density histogram analysis e.g., Cioni and Habing [18], Sibbons et al. [34]. However, the true borders between different components on the CMD are sloped, some sophisticated methods are developed, e.g., Hirschauer et al. [52] introduced the kernel density estimate (KDE) technique. In a case irrelevant to the C/M AGB analysis, Rosenfield et al. [53] used a dual Gaussian fitting to select TP-AGB stars, which is more reliable with a single minimum at the trough of dual Gaussian curves which corresponds to the bound of two types of stars. We take the above two methods for reference, and use the Gaussian mixture model (GMM) for classification. GMM is a statistical modeling method fitted by the maximum likelihood estimate using the Expectation-maximization (EM) algorithm, which decomposes a multi-peaked probability distribution into a linear combination of several single Gaussian distributions [54]. We then use a semi-automatic technology based on GMM, by classifying the types of stars in each K magnitude cut on the CMD by which we obtain the borderlines by linear fitting the boundaries in each bin.



With a short distance to the Milky Way, the LMC has the most complete and best-measured sample of evolved stars and it is commonly selected as the calibrator of stellar models [37,38]. There are 198,548 sources with    σ  J H K   ≤   0.05 mag in the final sample. The     ( J − K )  0  /  K 0    diagram of these sources in Figure 1 clearly illustrates various types of evolved stars above TRGB: RSGs brighter and bluer than TRGB, O-AGBs brighter and redder than TRGB, C-AGBs even redder than O-AGBs that extend out like a tail [55] at   K ≈   11 mag, and the most luminous sources are RSGs and TP-AGB stars (   K 0  <   10 mag). In accordance with the obvious branches of RSGs and various types of AGB stars, the K band magnitude is firstly divided into nine cuts in the   K 0   brightness whose center positions are 11.8, 11.7, 11.0, 10.7, 10.0, 9.5, 9.2, 8.5 and 8.0. The two faintest cuts (   K 0  = 11.7  ,    K 0  = 11.8  ) divide RSG and AGB stars at the faint position, while the two brightest cuts (   K 0  = 8.0  ,    K 0  = 8.5  ) constrain the location of the brightest RSG stars. Moreover, four relatively faint cuts (   K 0  = 9.5  ,    K 0  = 10.0  ,    K 0  = 10.7  ,    K 0  = 11.0  ) are crucial to dividing C-AGBs and O-AGBs, and a relatively luminous cut (   K 0  = 9.2  ) is effective for discriminating RSG stars and TP-AGB stars. Regarding the width of each cut, it varies. Though a large bin width is needed to include more sources for reliable statistical analysis in the low-density region, a too-large bin width would trigger an inaccurate determination of the minimum position due to the sloped distribution of the stars on the CMD.



As Figure 1 shows, the number of sources in the bin can vary by an order of magnitude. A test bin width of ± 0.05 mag is run first, yielding the number of sources in each bin   N Test  . The adopted bin width is then obtained by the following calculation:


  binwidth = 1 /  ln  N Test    



(1)







All resultant bin widths are smaller than 0.2 mag as displayed in Figure 1, and the subsequent distinctions between the Gaussian peaks are guaranteed to be found even for the magnitude cut with fewer than 100 sources. Then we detect the number of components and borders within each magnitude cuts based on GMM. In practice, the EM algorithm of GMM is stochastic in its application, and the output estimated parameters are not constant or may even deviate apparently from the true distribution. In addition, the number of components from GMM is easily overestimated, and only up to three components in each magnitude cut is allowed in this work in accordance with the true number of types of stars. In addition, this algorithm is unsuitable for determining the borderline (Line 5) between the TP-AGB tail and the fainter O-AGBs.



Basically, we use the software sklearn.mixture.GaussianMixture 2 with some modification to analyze the boundaries of different components. The initial number of components is all set as three, and then the model is run 1000 times to obtain the weights, centers, and covariances of each component, as well as the average and standard deviation of each parameter. Afterwards, the model is run 1000 times again, but we discard the output parameters beyond the standard deviation calculated by the above process, which left a group of stable and reliable triple Gaussian distribution results.



For the average of the three parameters of weights, mean locations, and covariances, we discarded the components that had no peak characteristics in the real data. Only two types of components are selected: (1) with weights over 90%; (2) components with weights larger than 5% and less than 90%, and covariances less than 0.09 (i.e., widths less than 0.3) because they represent the peaks for certain components. As shown in Figure 1, based on the above semi-automatic selection, the number of components within each cut on the CMD of the LMC is obtained, as indicated by the number of peaks in the distribution curve on the right sides.



The troughs between each peak represent the boundaries between the different components. The hundreds of results of each run of the GMM are random in nature, so the    ( J − K )  0   color indices corresponding to the troughs of the output results also vary. We calculate the mean and standard deviation of the troughs and their uncertainties. Within each magnitude cut, the uncertainty of all troughs    ( J − K )  0   is found below 0.01 mag.



On the edge, the blue borderline of RSGs and the red borderline of C-AGBs need to be determined individually. The solution is to decompose the histogram at    K 0  =   9.5, 10.0, 10.7 and 11.0 mag into three Gaussian components in which the leftmost and rightmost ones represent the distributions of RSG stars and C-AGBs, respectively. The    ( J − K )  0   color index that corresponds to the percent point function (ppf) = 0.01 for the leftmost Gaussian component (RSG) and ppf = 0.95 for the rightmost Gaussian component (C-AGBs) is taken as the blue and the red limit, respectively. For the dual Gaussian components at    K 0  =   9.2, 11.7 and 11.8, the histogram is decomposed into two Gaussian functions representing RSG stars and O-AGBs, and the ppf = 0.01 & 0.99 positions are taken as the blue and red limit, respectively. The two brightest cuts at    K 0  = 8.0   and   8.5   include only one Gaussian component from RSGs, and the criteria of ppf = 0.1 & 0.9 are used for the determination of its    ( J − K )  0   boundaries due to their larger dispersion.



With the trough points and the blue or red limits determined in each bin, the borderlines (Line 1, Line 2, Line 3, Line 4) are obtained by linear fitting to distinguish different types of stars. The Sobel filter is commonly used to detect the edge of the luminosity function, especially the brightness of TRGB [56,57]. We apply it to detect the brightness border between TP-AGB stars and O-AGBs. We smoothed the number distribution of the stars between Line 2 and Line 3 with a Gaussian kernel function of width 0.01, and then detected the edge at    K 0  = 10.727   with the Sobel filter. This defined brightness is used as the borderline between TP-AGB and O-AGBs, i.e., Line 5.



However, it cannot be ignored that the uncertainties of the borderlines will affect the result of the C/M ratio. The most influential borderline is Line 3 between O- and C-AGBs, while other borderlines are less significant. With the orthogonal distance regression (ODR) algorithm, we obtain the potential location area of Line 3 within the 50% confidence interval (Figure 1), which also introduces the asymmetric error in the C/M ratio (Table 3). It should be noted that the uncertainty of the blueward shift of Line 3 may lead to a large number of O-AGBs being identified as C-AGBs, increasing the derived C/M ratio considerably. In reverse, with the shifting of Line 3 towards the redder color, the decreasing in C-AGBs and the increasing in O-AGB are less, because this change in the classification of the targeted sources occurs in the low-density region. Therefore, the decreasing in the C/M ratio is lower than the increasing due to the uncertainty, resulting in asymmetric errors (Table 3). This asymmetry is more evident in the SMC than in the LMC. In M33, another benchmark galaxy, the uncertainty is particularly obvious at the faint end (see Section 3.4).




3.3. The Borderlines of the SMC and Ten Dwarf Galaxies


With the borderlines of the LMC obtained above, the type of stars is identified in the sample of the SMC and the other ten dwarf galaxies, whose extinctions are corrected in Paper II, by shifting the borderlines on the CMD according to the position of their TRGBs relative to the LMC. Taking the SMC as an example, its borderlines are shifted from that of the LMC, by the difference in the TRGB location, i.e.,     ( J − K )   0  TRGB  = 1.00  ,    K  0  TRGB  = 12.00   for the LMC to     ( J − K )   0  TRGB  = 0.91  ,    K  0  TRGB  = 12.71   for the SMC Paper II. The upper middle panel in Figure 2 shows the borderlines for the SMC, which is in good agreement with its CMD structure.



In addition, a small modification is made for the ten dwarf galaxies. The blue borderlines of the RSG stars, i.e., the leftmost borderlines, are shifted bluewards by 0.1 mag to account for the greater dispersion caused by the larger photometric error at the faint ends than the LMC, which results in better agreement with the locations of the RSG in the     ( J − K )  0  /  K 0    diagram. The results are shown in Figure 2.




3.4. The Borderlines of M31 and M33


We study the samples of M31 and M33 separately. Their shapes on the CMDs look different from the above twelve galaxies whose borderlines are based on the LMC. For M33, its O-AGBs locate at a much wider range of   ( J − K )   color indices, which is particularly evident at the faint positions. A similar problem exists for M31, which neither shows a distinct C-AGB tail. Applying the LMC’s borderlines directly cannot fit their actual CMD contours.



Considering this difference, we create a separate group of borderlines for M33 by the same method as for LMC, i.e., using the GMM method. As mentioned earlier, no extinction correction is performed for M31 and M33. Reference [51] found that the extinction mostly ranges from    A V  ∼ 0.1   to   0.15   mag for M33, i.e.,    A K  ∼ 0.01   to   0.015  , very small compared to the photometric uncertainty. Though precise extinction correction would improve the distinction between different types of stars, the uncertainty in the extinction on the contrary can bring additional confusion and blur the borderline. Wang et al. [51] applied the SFD98 extinction map to M31 and M33 and found that the extinction was generally over-estimated, which resulted in some fake features in the CMD in particular for M31 (   A V  ∼ 0.3   to   1.3  , according to Wang et al. [51]).



Specifically, we select seven magnitude cuts in M33: four of them are concentrated near   K = 16.0   mag:   K = 15.5  , 16.0, 16.4, and 16.6 mag. The three-component GMM is used to fit the number of sources at these four cuts, providing a reliable reference for separating C-AGBs and O-AGBs, with ppf = 0.01 and 0.99 limits for the blue-most RSGs and red-most C-AGBs, respectively. The single Gaussian distribution is taken at   K = 17.8   and 17.0 mag, where ppf = 0.01 and 0.98 are set at the blue-most and red-most positions to constrain the large dispersion of the C-AGBs. Besides, ppf = 0.1 and 0.9 are set at   K = 14.5   mag to constrain the luminous RSGs. Then the positions of Line 1, Line 2, Line 3 on the CMD of M33 are determined by linear fitting. Line 4 is taken from the average of several red limits, reaching   J − K = 2.431  . Line 5 is again detected by the Sobel filter as in the LMC with a brightness of   K = 16.338  . The lower panel of Figure 1 shows the classification of M33, it can be seen that Line 3 has a larger uncertainty than the LMC in the faint area.



Afterwards, the borderlines for M31 are determined by shifting the TRGB of M31 relative to M33. Since the classification of stars in M33 is based on the sample without extinction correction, their TRGB positions are different from that in Table 1. We take     ( J − K )  TRGB  = 1.20  ,    K TRGB  = 17.62   for M31 and     ( J − K )  TRGB  = 1.09  ,    K TRGB  = 18.11   for M33 according to Paper I, respectively. Like for the 10 dwarf galaxies, the blue borderlines of RSGs in M31 and M33, are shifted bluewards by 0.1 mag. The results are also shown in Figure 2.



The numerical slope and intercept for all the borderlines of the LMC and M33 are presented in Table 2.





4. Result and Discussion


4.1. The Number of O-AGB and C-AGB Stars


With the borderlines defined above, all the member stars are assigned to a certain class. The number of stars of each type is presented in Table 3, including C-AGBs, O-AGBs, TP-AGBs, x-AGBs as well as RSGs. As noted by Paper II, the samples of Sextans A and B are incomplete because the observational sensitivity did not reach its TRGB brightness (c.f. Figure 7 of Paper I). Besides, the completeness of Leo A is slightly better while not enough to include all the O-AGBs. In the case of incompleteness due to insufficient sensitivity, the derived C/M ratio would be over-estimated since C-AGBs are brighter and thus more complete than O-AGBs. This bias is remarkably visible in the case of Sextans B where no O-AGB star is found at all (c.f. Table 3). Although the RSG sample may be incomplete for the metal-poor galaxies due to wrong rejection because their NIR colors can be as blue as foreground Galactic dwarf stars Paper II, this should not be a serious problem for AGB stars that is apparently redder. Consequently, the sample of AGB stars is basically complete for all the galaxies except Sextans A, Sextans B and possibly Leo A.




4.2. The Relation between C/M Ratio and    ( J − K )  TRGB  


The C/M ratio is the direct ratio of the number of C-AGB and O-AGB stars identified. Their relation with the color index    ( J − K )  0   of TRGB (derived in Paper II) is shown for all the sample galaxies but Sextans A and Sextans B in Figure 2. We present the C/M ratios as well as their uncertainties within the 50% confidence interval for the fourteen galaxies defined in Section 3. As shown in Figure 1, this asymmetric uncertainty may affect the value of the C/M ratio, and the C/M upper limit of individual galaxies, such as M31, can double the median value, which neither fit its actual shape on the CMD. So we ignore this asymmetry and take a linear fit that yields:


  lg  ( C / M )  = − 2.76 ×   ( J − K )  0 TRGB  + 2.44  



(2)




with Pearson’s correlation coefficient of   R = − 0.71  , indicating a certain correlation (Figure 3). It should be noted that the number of C-AGBs and O-AGBs and the ratio C/M would be little changed if the photometric accuracy is relaxed for LMC and SMC. Specifically, the numbers with no constraint on photometric quality lead to C/M = 0.40 with 8192 C-AGBs and 20,407 O-AGBs for the LMC, and C/M = 0.52 with 1788 C-AGBs and 3431 O-AGBs for the SMC. This proves the completeness of the sample we select from the MCs. For the other distant galaxies, the sample of O-AGBs may not be so complete as the C-AGBs because C-AGBs are on average more than 1 mag brighter than the faint and numerous O-AGBs. In such cases, the C/M ratio can serve as the lower limit. Nevertheless, Paper II demonstrated that the AGB stars are mostly complete in these galaxies.



Moreover, the   J − K   color index of TRGB is an indicator of metallicity. Bellazzini et al. [46] established the relation between the absolute magnitude of TRGB in the J and K band with metallicity, from which the relation of    ( J − K )  0   with metallicity can be derived as:


    ( J − K )  0 TRGB  = 0.38  [ M / H ]  + 1.38  



(3)




which generally agrees with that derived by Ivanov et al. [58] for RGB stars.



With this relationship, the above equation on the C/M ratio can be converted to:


  lg ( C / M ) = − 1.04 × [ M / H ] − 1.37 .  



(4)







Alternatively, the metallicity can be derived from the C/M ratio:


  [ M / H ] = − 0.96 lg ( C / M ) − 1.32  



(5)







This can be compared with the relation derived by Battinelli and Demers [17] and refined by Cioni [59]:   [ Fe / H ] = − 0.47 lg ( C / M ) − 1.39  , showing good consistency. It should be noted that the metallicity derived in this way might be lower for metal-rich galaxies. For example, the metallicity would be –0.87 for M33, much lower than the spectroscopically derived value. This originates from the relation between the metallicity and color index   J − K  , which needs further refinement.




4.3. Comparison with Previous Works


The previous measurements of C/M ratio are inhomogeneous, and different even for the same galaxy. Some typical results in recent years are listed in Table 4 where one galaxy is selected with only one representative result (e.g., the C/M ratio of NGC 6822 has been measured for a few times with various values, 0.23 in Cioni and Habing [18], 0.27 in Kang et al. [60], 0.62 in Sibbons et al. [34], 0.53 in Hirschauer et al. [52], and the latest one is selected in Table 4). For M31, the result was based on the observation of part of the galaxy, i.e five square regions by the narrow-band photometry ([TiO]-[CN]), which can be very different from the present study in completeness and preciseness. For the other galaxies, the CMD method is used to identify O-AGBs and C-AGBs, which follows the same principle of this work in spite of different bands and/or different depths. The different results come from a few factors, mainly the pureness and completeness of the sample, as well as the borderlines. This will lead to a lack of homogeneity in previous C/M ratio studies. While our work improves this deficiency based on homogeneous data and semi-automatic classification methods. We remove foreground dwarfs with the   J − H / H − K   diagram and the astrometric measurement from GAIA in our sample. Besides, the borderlines of the galaxies in Section 3 are shifted based on the benchmark galaxies considering both the variation of the brightness and   J − K   color index of TRGB, as the    ( J − K )  TRGB   characterizes the metallicity differences of the AGB stars. In addition, the photometric error is limited to less than 0.05 mag for Magellanic Clouds and 0.2 mag for distant galaxies to keep the consistency of our sample.



Cioni and Habing [15] selected the AGB stars from the   I / I − J   CMD for the Magellanic Clouds, because the TRGB position in I band is generally a constant value [66]. Then, the separation of C-AGB and O-AGB stars was set at   J −  K s  = 1.4  . Similarly, Cioni and Habing [18] took   J −  K s  = 1.36   for NGC 6822, and Sibbons et al. [34] took   J −  K s  = 1.28   for the same galaxy to divide the C- and O-AGB stars. This difference comes from a few factors, e.g., the contamination from foreground stars, different photometric accuracy and subjective selection. Apparently, a vertical line in the CMD is not robust enough to separate the C-AGB tail on the CMD. In Figure 4 (left panel), the borderlines of Cioni et al. [67] (grey dashed line) are plotted for comparison, for which the interstellar extinction is corrected by shifting 0.049 mag leftward and 0.023 mag upward according to the color excess E(B-V) in Paper II and the extinction law of Wang and Chen [68]. The slightly moved borderlines agree reasonably well with the slopes of O-AGBs in this work. An evident difference is that classification from Cioni et al. [67] has a lower limit for O-AGBs fainter than the TRGB, which increases the number of O-AGBs and can account for their lower C/M ratio for the MCs. Besides, we divide AGB stars into more sub-types including TP-AGBs and x-AGBs that are not considered in Cioni et al. [67].



This work uses the sample of Paper I for M31 and M33, but the numbers of C-AGBs and O-AGBs and consequently the C/M ratio are different. However, this difference is not because of the contamination or incompleteness as mentioned above. Instead, the comparison shown in Figure 4 (the middle and right panels) clearly illustrates that it is caused by the re-defined borderlines. It can be seen that the classifications of RSGs, O-AGBs, and TP-AGBs of M31 and M33 are very similar in our results and Paper I, and the biggest difference comes from the C-AGBs. Due to the considerable extension of the C-AGB tail of these two spiral galaxies, we set a red limit line at   ( J − K ) ∼ 2.5   as the borderline between C-AGBs and x-AGBs to increase the completeness of the C-AGBs. In addition, the unclassified stars in the triangular area fainter than the C-AGBs in Paper I are also almost classified as C-AGBs. As a result, the number of C-AGBs in M33 is increased from 10,218 to 11,957, compared to Paper I. However, for M31, it is decreased from 46,692 to 37,003, because some stars labeled as C-AGBs in Paper I are now classified as O-AGBs in this study. This is more consistent with the actual contour (the middle panel of Figure 4), and leads to the opposite trend. It deserves to mention that the photometric uncertainty is relatively large due to their large distance and crowding. A high spatial resolution observation in space can be very helpful to confirm the identification of sources in M31 and M33.



The samples of twelve low-mass galaxies are from Paper II and the number of RSGs is in agreement with Paper II as shown in Table 3. This fact confirms the reliability of the borderlines given in Paper II based on eye check from the LMC. Meanwhile, the current sample of RSGs is smaller, this is caused by removing the extended sources identified in the photometry procedure. Correspondingly, the number of any type of stars is reduced due to the shrinking of the whole sample. The difference for M31 and M33 appears to be greater. In particular, M31 has more RSGs than in Paper I (Table 3), which can be explained by the redder borderline between dark RSGs and O-AGBs (Figure 4) that causes the sources previously classified as O-AGBs to be RSGs now. Nevertheless, due to the huge number of O-AGBs (223,805) in M31, this quantity change of ∼ 1000 has no significant impact on the C/M ratio.




4.4. The Uncertainties Analysis


We have selected the most typical sample of C-AGBs and O-AGBs on CMD to derive the C/M ratio. As the photometric error would move the stars into both sides of the borderlines and the stars are not symmetrically distributed, the sample can be contaminated by such an effect and the C/M ratio can be changed. In addition, the atypical AGB samples, such as TP-AGB tail and x-AGB stars, affect the ratio as well. The sloped TRGB may be another factor to change the ratio. Besides, the spectroscopically confirmed stars may actually locate in the adjacent regions of the CMD, blurring the borderline. We discuss these problems as follows.



4.4.1. The Photometric Error


The photometric error can lead the C-AGB stars to the O-AGB area, and vice versa. Such effect of the photometric error was already considered to calculate the AGB pollution rate of RSG in Section 5.5.2 in Paper II. The basic idea is to build a model CMD with theoretical C-AGBs and O-AGBs with the typical observed photometric error at the corresponding magnitude, and then to count the number of AGBs that move to the area of RSGs. Here, the same method is used to calculate the effect of photometric errors on the C/O-AGB ratio by taking the benchmark galaxies LMC and M33 as examples. The metallicity [M/H] is set to −1.0 for LMC and 0.0 for M333, respectively.



The simulation of the LMC shows the high purity of the C- and O- AGBs. At  μ  (distance modulus) of 18 and 18.5, 93% of the O-AGBs and 94% of the C-AGBs are in the expected CMD areas, and they slightly decrease to 92% and 93% at   μ = 19  , indicating that the vast majority of the AGBs are correctly classified. As for M33, the much further benchmark galaxy, the simulation shows that 97% O-AGBs and 98% C-AGBs can be correctly classified by our borderlines at   μ = 24  , while at   μ = 25  , the above numbers drop to 88% and 96%. These results demonstrate that the photometric error can lead to a higher C/M ratio but generally by less than 5%.




4.4.2. The TP-AGB Tail


In the study of TP-AGB population in the MCs by Pastorelli et al. [37,38], most of the O-AGBs are located in the middle area approximately parallel to both RSGs and C-AGBs on the CMDs. However, there are also some unusually bright AGB stars that draw a “tail” adjacent to the RSGs. They are classified as O-AGBs in their study. In Paper II, they are labeled as TP-AGB stars by the MIST model for stars of 5  M ⊙   or 7  M ⊙  . Since TP-AGBs are in an evolutionary stage with rapidly increasing carbon content, the chemical type of these sources needs to be further analyzed. Here we introduce the Padova model [20,37,69,70,71,72,73] to analyze the properties of TP-AGB tail in the LMC as an example.



Here we demonstrate mainly the discrimination between O-AGBs and C-AGBs. The Padova stellar isochrones of LMC are calculated with the absolute number of stars per unit mass based on the initial mass function [74,75] and the composition of circumstellar dust of O-AGBs and C-AGBs being no dust and 100% AMC [76], respectively. The metallicity of the LMC is set to [M/H]   = − 1.00   (Table 1). The distance modulus is set at 18.477 for the LMC [47]. The 1 Gyr isochrones (blue dots) have a good agreement with the CMD contour of LMC, but are fainter than the TP-AGB tail. While the relatively young and metal-rich 0.63 Gyr model shows that O-AGBs (green dots) match the TP-AGB tail. These younger AGB stars are more metal-rich and have lower 3DU efficiency. Therefore, they require larger mass and higher temperatures to form C-AGBs. This means that more metal-rich and young O-AGBs can move to the brighter area on the CMD than the more metal-poor and older AGB stars, and their evolutionary tracks (green dots) can explain the TP-AGB tail. Besides, the overall number of sources classified as TP-AGB stars is lower than 20% of the O-AGB stars in the host galaxy (Table 3), so the potential incompleteness of the O-AGB sample is limited.



Figure 5 also reflects the fact that some C-AGBs (red and yellow dots) are actually located in the area classified as the O-AGBs area in the CMD. This is related to the temperature increase of C-AGBs during the thermal pulse process [20]. The CMD region where the O-AGBs are located is subject to contamination by C-AGBs, implying the incompleteness of C-AGBs. In Section 4.4.1, we illustrate this uncertainty by comparing it with the spectroscopically validated AGB star sample of LMC and NGC 6822.




4.4.3. The Location of the C-AGB Stars


The spectroscopic classification is induced to estimate the level of the C-AGBs mixed into the O-AGBs area. The AGB sample in three 0.12 square degrees areas surveyed by Blanco et al. [77] with the CTIO 4m telescope is used in our evaluation. There are 186 C-AGBs in this spectroscopic sample, 90% of them locate in the C-AGBs area of the CMD, but 14 locate in the O-AGBs area, and a few are below the TRGB. As for 102 O-AGBs, almost all of them are located in the corresponding area of the CMD. The spectroscopic types of the AGB stars in the TP-AGB area are identified as almost all O-rich, which is consistent with the discussion in Section 4.4.2 that TP-AGB stars in the LMC are mainly oxygen-rich.



The metal-poor galaxy NGC 6822 is also verified by the spectroscopic result. We chose the NGC 6822 AGB spectroscopic classification of Kacharov et al. [78] with the VLT’s VIMOS instrument. This sample contains 546 AGB stars, including 151 C-AGBs more sparsely distributed in the CMD area than the C-AGBs in the LMC, and Kacharov et al. [78] defined a group of borderlines accordingly (right panel in Figure 6). Compared to their classification, our borderlines can ensure that the vast majority of the spectroscopically verified O-AGBs are located at the photometric classified O-AGB area of the CMD, and 107 C-AGBs are in the expected position on the CMD. However, the other one-third of C-AGBs deviate from the expected location, 20 in the O-AGBs area, and 16 in the TP-AGB area. Curiously, NGC 6822 is relatively metal-poor with better 3DU efficiency so its C-AGBs should be fainter [20] and the TP-AGB area of NGC 6822 should be dominated by O-AGBs, but in fact, most of the stars there are C-AGBs. This anomalous distribution deserves further study.



In conclusion, the examples of the LMC and NGC 6822 show that O-AGBs are indeed concentrated in the corresponding area on the CMD, while C-AGBs may locate in other areas on the CMD and cause contamination, resulting in an underestimation of the number of C-AGBs in our work. The existing spectroscopic classifications in other galaxies suffered from a lack of data, inhomogeneity and incompleteness, and these uncertainties vary across galaxies. Meanwhile, the stars that locate in the TP-AGB area of the CMD are not certainly dominated by O-AGBs.




4.4.4. x-AGB Stars


Another factor that may lead to underestimating the number of C-AGB stars is the presence of x-AGB stars. They are dusty, unusually red, and most of the carbon-rich type [79,80,81]. In Section 3, we set the red limits of   J − K   for C-AGBs, resulting in the number of x-AGBs being below 20% of the overall number of C-AGBs. x-AGBs may introduce uncertainties in the final results of the C/M ratio. However, the incompleteness brought by the x-AGBs to C-AGBs and the incompleteness brought by the TP-AGB tail to O-AGB stars to the C/M ratio cancel each other to some degree. We have selected the vast majority of the typical C-AGBs and O-AGBs on the CMD. Moreover, as shown in the results of Section 4.2, the C/M ratio vs.    ( J − K )  0 TRGB   relation is well defined.




4.4.5. The Tip of RGB


The TRGB of K band is not actually horizontal on the CMD, but has an age-dependent slope [66,82,83]. Nevertheless, the Padova stellar model suggests that more than 90% of the TP-AGB stars is above the TRGB [84,85]. Actually, in many previous studies of the C/M ratio, the classification of AGB stars only considered stars brighter than the horizontal TRGB (e.g., Sibbons et al. [34], Hirschauer et al. [52]). In Paper I and Paper II, we determined the TRGB brightness of the LMC to be   K = 12.00   by searching for the saddle point on the 2D density distribution on the CMD. In order to determine how much the slope of the TRGB has an impact, we selected the density saddle points at the neighboring bins, i.e., at    ( J − K )  0   of 0.94, 0.96, 0.98 and 0.99. Afterwards, a linear fit of these saddle points yields a sloped TRGB representing the number density mutation of bright RGB and faint O-AGBs on the CMD (Figure 7):


  K = − 1.85 ×   ( J − K )  0  + 13.84  



(6)







When the TRGB of the LMC is changed from   K = 12.00   to this sloped one, the number of O-AGBs slightly changed from 20,283 to 20,289. This indicates that the adoption of a horizontal TRGB has little effect on the C/M ratio and it is consistent with the experience of previous studies.





4.5. The Radial Distribution of the C-AGB, O-AGB Stars and C/M Ratio in M31 and M33


For the spiral galaxies M31 and M33, the radial distribution of the C/M ratio is investigated. The area of study is taken from Paper I defined by B = 25 mag/arcsec2 isophote, which corresponds to an ellipse with the major and minor axis of 20.26 kpc × 6.56 kpc for M31 and 8.18 kpc × 4.82 kpc for M31. Both ellipses are divided equally into 100 equal-width bins along their axes. The radial distribution along the major axis is displayed in Figure 8 for the C-AGBs, O-AGBs and C/M ratio, respectively.



The distribution of surface density in number/kpc2 is fitted by an exponential function. Because the photometry in the very inner part can be poor due to crowding and O-AGBs can be more affected due to their fainter brightness than C-AGBs, the data with the major axis radius   r < 4.0   kpc for M31 and   r < 1.28   kpc for M33 are discarded in the fitting. In addition, the evident ring of M31 from   ∼ 6.7   kpc to 15.0 kpc is discarded in our fitting as well because of the apparently higher stellar density. The fitting yields a radial scale length of 6.17 kpc and 7.66 kpc for C-AGB and O-AGB stars, respectively, in M31, while 1.95 kpc and 2.06 kpc, respectively, in M33. Both show that the radial scale length of O-AGBs is larger than of C-AGBs, which means O-AGBs distribute into a more extended space.



The C/M ratio exhibits a contrary tendency for M31 and M33 with the radius. It is notable to demonstrate that the tendency is reliable, because even taking into account the uncertainty from the GMM model, the tendency at the 50% confidence level still coincides with the median distribution. As can be seen in Figure 3 and Table 3, the upper limit deviates much more significantly because the borderline will locate at the high-density area of pre-assumed O-AGBs if the borderline moves blue-ward, and the number of C-AGBs increases considerably to bring about the larger C/M ratio. On the contrary, this effect is not so severe as the borderline moves red-ward to the low-density area. In M31, the ratio decreases with the radius, while it increases with the radius in M33. For M33, this tendency coincides with the prediction of the inside-out model of galactic chemical evolution that describes the relationship of metallicity with radius in the disk of a spiral galaxy. Besides, Cioni et al. [33] also yielded an increasing C/M ratio with radius in M33. This is expected from the stellar evolutionary scenario that metal-poor stars can more easily evolve into C-AGBs than metal-rich ones.



However, the C/M gradient in M31 contradicts our expectation. In the previous study of Hamren et al. [86], its C/M ratio was found to increase outward in the disk of M31 using a combination of moderate-resolution optical spectroscopy from the Spectroscopic Landscape of Andromeda’s Stellar Halo survey (SLASH) and six-filter Hubble Space Telescope photometry from the Panchromatic Hubble Andromeda Treasury survey (PHAT). Considering that the carbon stars in this study were identified spectroscopically and consisted of only about 100 objects, the sample is far from complete. Besides, the contamination of foreground stars can induce further uncertainty. With a rather pure and complete sample of C-AGBs and O-AGBs as well as the removal of foreground stars in this work, the trend of C/M ratio decreasing with radial distance in M31 should be real. Moreover, this ratio exhibits an obvious increase within the M31’s 11 kpc ring, i.e., between 7 and 15 kpc. One possibility is that the metallicity increases with galactocentric radius. However, Pena and Flores-Durán [87] studied the metallicity in the disk of M31 by measuring planetary nebulae (PNe) and found that metallicity is almost independent of galactocentric radius. From the standpoint of stellar evolution, the stellar mass in addition to metallicity is another factor to determine whether a star can become C-AGB.



As mentioned in Section 1, a more massive star is easier to become carbon-rich. We also analyze the K band luminosity gradient of sources labeled as C-AGBs or O-AGBs in 100 equal-width bins. To ensure the reliability of the gradient, we adjust   σ  J H K    from 0.2 mag to more strict 0.05 mag, and discard the innermost 20% part when derive the mean K magnitude of the AGB stars, to control the effect from the sources with relatively poor photometric accuracy, then the numbers of sources in M31 and M33 drop to 81,762 and 23,973, respectively. We find that both M31 and M33 have a decreasing gradient of brightness (Figure 9), and M31 is obviously more decreased at ∼ 0.5 mag at R = ∼ 5 kpc to ∼ 20 kpc, while this change in M33 is ∼ 0.2 mag. This brightness trend implies that the stellar mass of the AGB stars in M31 decreases with increasing radius, resulting in an age gradient of the AGB stars [88]. The lower mass of the AGB star reduces the 3DU efficiency, this fact can expalin the opposite C/M ratio tendency of M31. As shown in Figure 9, at R = 5–15 kpc where the luminosity gradient decreases not so much, there is an increase in C/M ratio in M31. The impacts from this gradient are limited for 3DU, and metallicity still dominates the evolution of AGB stars here, leading to the increasing C/M ratio there like M33. However, for where R > 12 kpc, the brightness of the sources labelled as AGB stars further decreases. So the mass and age are replaced the metallicity factor, resulting in a decrease in the C/M ratio the outer regions of M31. However, the mass function depends on IMF and the star formation history, which deserves further study.





5. Summary


The number ratio of C-rich to O-rich AGB stars has been studied previously in a few Local Group Galaxies, which generally suffer from incompleteness, contamination by foreground dwarf stars and inhomogeneity. Here we re-calculate the C/M ratio in 14 galaxies of the Local Group by the same method with the sample of AGB stars identified by Paper I and Paper II, for which the foreground stars are mostly removed with the near-infrared color-color diagram and color-magnitude diagram as well as the Gaia astrometric information. The samples have relatively higher completeness, pureness and homogeneity.



The borderlines that divide the C-AGB and O-AGB stars, as well as RSG stars, are determined for the benchmark galaxies LMC or M33 with the best-assembled sample by a semi-automatic method based on GMM fitting in the color-magnitude diagram, which is then applied to other galaxies by shifting the lines to match the position of TRGB for the individual galaxy. In this way, the C-AGB and O-AGB stars with certain and typical locations are identified for all the 14 galaxies.



The C/M ratio is found to decrease with    ( J − K )  0   of TRGB, which is the indicator of metallicity, which coincides with previous studies and agrees with the expectation because C-AGB stars are more easily formed in a metal-poor environment. The quantitative relation of the C/M ratio and metallicity is derived as well. For the two large galaxies M31 and M33, the radial variation within the galaxy is presented. Within M33, this ratio increases with galactocentric radius, which agrees with the galactic chemical evolution model for spiral galaxies. Meanwhile, it is found to decrease with radius and to increase in the ring area in M31, which can be explained by the mass gradient. We suspect that stellar mass gradient may play a role, and further study is required.
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Notes


	
1

	

The N_flag is added in Paper II to indicate the number of bands in which the source is identified as a point source.






	
2

	

https://scikit-learn.org/stable/modules/generated/sklearn.mixture.GaussianMixture.html (accessed on 23 March 2022).






	
3

	

Significantly higher than −0.82 in Table 1, which is because the    ( J − K )   0  TRGB   – [M/H] relation in Bellazzini et al. [46] is calibrated based on the metal-poor environment of the globular clusters, and the [M/H] derived from this relation is too low when applied to the metal-rich environment.
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Figure 1. Determination of the borderlines between different types of stars in the     ( J − K )  0  /  K 0    diagram in the LMC and M33. The boundaries (red dots) of each magnitude cut (red masks) calculated from GMM fitting (right panels), are used to fit the borderlines (dashed line). The dashed lines on either side of Line 3 represent the location of its 50% confidence interval. The insert panels show the reference for detecting the K magnitudes borderlines (Line 5) between O-AGBs and TP-AGBs with the Sobel filter. 
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Figure 2. The classification by shifting the boundary lines of the LMC and M33, the benchmark galaxies, to each galaxy according to their positions of TRGB. The C-AGBs and O-AGs are represented by red and blue dots, respectively. Note that 12 galaxies, except M31 and M33, have been extinction corrected. 
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Figure 3. Dependence of   lg ( C / M )   with    ( J − K )  0 TRGB   for the 12 galaxies. The red dashed line represents the linear fitting whose result with the Pearson’s correlation coefficient is displayed in the lower-left corner. 
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Figure 4. Comparison of the borderlines with previous studies, where the red solid lines represent this work and the grey dashed lines represent the work by Cioni et al. [67] for the LMC and by Paper I for M31 and M33. 
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Figure 5. Verification of the classification areas in Figure 1 with Padova stellar evolutionary models. The red and blue dots represent C-AGBs and O-AGBs at an age of 1.00 Gyr, respectively, and the yellow and green dots represent C-AGBs and O-AGBs at an age of 0.63 Gyr, respectively. The background is the sample stars in the LMC from Paper II. 
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Figure 6. The previous spectroscopic classifications of AGB stars in the LMC (left) and NGC6822 (right) are used for the validation of our   J / J − K   CMD photometric method. The C-AGBs stars and O-AGBs identified from previous spectral observations are indicated by red and blue dots, respectively. The black dashed line represents the borderlines in our work, and the green dashed line in the right panel represents the borderlines suggested by Kacharov et al. [78] based on the result of the NGC 6822 AGB stars’ spectroscopic analysis. 
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Figure 7. Comparison of the results of the LMC taking sloped TRGB and horizontal TRGB. The red line represents the sloped TRGB, and the white dots represent the saddle points we detected in different bins by the ridge method of number density analysis. The O-AGBs suggested by the sloped TRGB are represented by blue dots. 
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Figure 8. The radial distribution of the C/M ratio, C-AGB stars and O-AGB stars in M31 (panel a,b,c), and in M33 (panel d,e,f). An exponential function is used to fit the radial distribution of C-AGBs and O-AGBs with the results displayed, where the region with uncertain photometry and locate in the ring area in M31 are not used and labelled by the dashed line. Besides, the 50% confidence limits of the C/M ratio are represented with dashed-dot lines on both sides of the C/M ratio median lines. 
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Figure 9. The radial distribution of the mean K magnitude of the sources labelled as C-AGBs or O-AGBs in M31 (upper) and M33 (bottom). 
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Table 1. The basic information of the 14 sample galaxies.
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	Galaxy
	    K  0  TRGB    
	      ( J  −  K )    0  TRGB    
	[M/H] 1
	Number of Sources (Initial Sample)
	    σ JHK    
	Number of Sources (Final Sample)
	µ





	LMC
	12.00
	1.00
	−1.00
	402,300
	0.05
	198,548
	18.26



	SMC
	12.71
	0.91
	−1.24
	66,573
	0.05
	29,413
	18.72



	NGC 6822
	17.38
	0.98
	−1.05
	4084
	0.20
	3745
	23.58



	NGC 185
	17.62
	1.02
	−0.95
	8015
	0.20
	6267
	23.94



	IC10
	18.14
	0.86
	−1.37
	15,336
	0.20
	12,368
	24.01



	NGC 147
	17.87
	1.03
	−0.92
	10,567
	0.20
	8393
	24.21



	IC 1613
	18.10
	0.96
	−1.11
	2363
	0.20
	1970
	24.25



	M31
	17.66
	1.12
	−0.68
	1,245,930
	0.20
	513,957
	24.25



	Leo A
	18.56
	0.90
	−1.26
	86
	0.20
	72
	24.54



	M33
	18.17
	1.07
	−0.82
	203,486
	0.20
	95,812
	24.62



	WLM
	18.68
	0.94
	−1.16
	890
	0.20
	685
	24.77



	Pegasus DIG
	18.65
	1.02
	−0.95
	398
	0.20
	297
	24.97



	Sextans A
	20.01
	0.80
	−1.53
	194
	0.20
	173
	25.95



	Sextans B
	20.21
	0.80
	−1.53
	141
	0.20
	97
	26.15







1 The [M/H] of each galaxy is derived from the     ( J  −  K )    0  TRGB   − [M/H] relation in Bellazzini et al. [46].
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Table 2. The coefficients of borderlines in the     ( J − K )  0  /  K 0    diagram of LMC and M33.
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	Line 1
	Line 2
	Line 3
	Line 4
	Line 5





	LMC
	   k = − 15.366   
	   k = − 11.618   
	   k = − 9.268   
	   k = − 5.111   
	



	
	   b = 22.048   
	   b = 21.917   
	   b = 22.481   
	   b = 20.522   
	   y = 10.727   



	M33
	   k = − 14.065   
	   k = − 9.354   
	   k = − 11.228   
	   x = 2.431   
	



	
	   b = 28.526   
	   b = 26.026   
	   b = 33.416   
	
	   y = 16.338   
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Table 3. The C/M ratio, and number of various types of stars in the 14 galaxies.
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	Host Galaxy
	C/M Ratio
	C-AGBs
	O-AGBs
	TP-AGBs
	x-AGBs
	Others
	RSGs
	RSGs (Paper I and Paper II)





	LMC
	   0 .  402  − 0.054   + 0.206     
	8160
	20,283
	2041
	1359
	193
	4578
	4823



	SMC
	   0 .  521  − 0.101   + 0.391     
	1769
	3396
	526
	302
	96
	2032
	2138



	NGC 6822
	   0 .  674  − 0.145   + 0.301     
	587
	871
	146
	109
	2
	406
	465



	NGC 185
	   0 .  289  − 0.094   + 0.438     
	132
	456
	12
	46
	0
	24
	36



	IC 10
	   0 .  597  − 0.169   + 0.418     
	1840
	3083
	309
	286
	9
	1103
	1340



	NGC 147
	   0 .  290  − 0.088   + 0.382     
	264
	910
	20
	106
	3
	48
	82



	IC 1613
	   0 .  584  − 0.129   + 0.412     
	198
	339
	39
	35
	1
	100
	115



	M31
	   0 .  165  − 0.033   + 0.227     
	37,003
	223,805
	4183
	997
	84
	6619
	5498



	Leo A
	   1 .  857  − 0.635   + 0     
	13
	7
	2
	7
	0
	10
	10



	M33
	   0 .  341  − 0.046   + 0.306     
	11,957
	35,091
	1628
	1025
	8
	2222
	3055



	WLM
	   1 .  158  − 0.331   + 0.647     
	161
	139
	31
	48
	1
	54
	63



	Pegasus Dwarf
	   0 .  861  − 0.155   + 0.316     
	68
	79
	4
	14
	0
	18
	31



	Sextans A
	   7 .  364  − 1.364   + 1.064     
	84
	11
	43
	5
	0
	30
	33



	Sextans B
	None
	49
	0
	34
	2
	0
	12
	14
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Table 4. The C/M ratio in previous studies.






Table 4. The C/M ratio in previous studies.





	Host Galaxy
	C/M Ratio
	C-AGBs
	O-AGBs
	Data Resource
	Method
	References





	LMC
	0.3
	7572
	25,229
	DENIS
	   ( J −  K s  )  /  K s    CMD
	Cioni and Habing [15]



	SMC
	0.27
	1643
	6009
	DENIS
	   ( J −  K s  )  /  K s    CMD
	Cioni and Habing [15]



	NGC 6822
	0.53
	560
	1050
	UKIRT
	  ( J − K ) / K   CMD
	Hirschauer et al. [52]



	NGC 185
	0.11
	73
	∼660 1
	CFHTIR
	  J H  K ′    CMD and CCD
	Kang et al. [61]



	IC10
	0.30
	531
	1766
	HST WFC3/IR
	(F127M-F139M)/(F139M-F153M) CCD
	Boyer et al. [62]



	NGC 147
	0.25
	65
	265
	HST WFC3/IR
	(F127M-F139M)/(F139M-F153M) CCD
	Boyer et al. [62]



	IC 1613
	0.52
	291
	552
	UKIRT
	  ( J − K ) / K   CMD
	Sibbons et al. [35]



	M31
	0.084
	945
	11,228
	CFH12K
	[TiO]-[CN] method
	Battinelli et al. [63]



	Leo A
	1.80
	18
	10
	WHIRC
	J - [3.6]/[3.6] CMD
	Jones et al. [64]



	M33
	0.35
	7404
	∼21,150 1
	UKIRT
	   ( J −  K s  )  /  K s    CMD
	Cioni et al. [33]



	WLM
	0.56
	146
	259
	NTT SofI
	   ( J −  K s  )  /  K s    CMD
	Valcheva et al. [65]



	Pegasus Dwarf
	1.38
	44
	32
	HST WFC3/IR
	(F127M-F139M)/(F139M-F153M) CCD
	Boyer et al. [62]







1 The number of O-rich AGB stars of M33 and NGC 185 is estimated from the number of C-AGBs and the C/M ratio.
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