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Abstract

We establish a sample of 370 Mira variables that are likely near the Galactic center (GC). The sources have been selected from the OGLE and BAaDE surveys based on their sky coordinates, OGLE classifications, and BAaDE maser-derived line-of-sight velocities. As the distance to the GC is known to a high accuracy, this sample is a test bed for reddening and extinction studies toward the GC and in Mira envelopes. We calculated separate interstellar- and circumstellar-extinction values for individual sources, showing that there is a wide range of circumstellar extinction values (up to four magnitudes in the Ks band) in the sample, and that circumstellar reddening is statistically different from interstellar reddening laws. Further, the reddening laws in the circumstellar environments of our sample and the circumstellar environments of Large Magellanic Cloud (LMC) Miras are strikingly similar despite the different metallicities of the samples. Period-magnitude relations for the mid-infrared (MIR) WISE and MSX bands are also explored, and in the WISE bands we compare these to period-magnitude relationships derived from Miras in the LMC as it is important to compare these LMC relations to those in a higher metallicity environment. Emission from the envelope itself may contaminate MIR magnitudes altering the relations, especially for sources with thick envelopes.
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1 Introduction
The asymptotic giant branch (AGB) is a late stage of evolution for stars with progenitor masses between about 0.8 and 8 M⊙. As this stage precedes the planetary nebulae phase, it is characterized by large amounts of mass loss (~ 10−8–10−4 M⊙ yr−1 ; Höfner & Olofsson 2018), causing these stars to be surrounded by cir-cumstellar envelopes (CSEs). These CSEs have a large effect on the observed optical and near-infrared (NIR) properties of AGB stars, obscuring much of the light at these wavelengths. Additionally, AGB stars are intrinsically variable, typically with long periods (hundreds of days), and based on their optical and NIR light curves can be categorized as semi-regular, irregular, or Mira long-period variables (Habing 1996).
Mira variable stars in particular have large amplitudes (greater than 0.8 mag in the I band or greater than 0.4 mag in the K band; Whitelock et al. 2003; Soszyński et al. 2013) and oscillate in the fundamental mode (Wood & Sebo 1996); they have been shown to follow color-period and period-magnitude relations in the NIR in a number of studies and environments (Whitelock & Feast 2000; Whitelock et al. 2003, 2008; Rejkuba 2004; Matsunaga 2012; Yuan et al. 2017b; Bhardwaj et al. 2019; Lebzelter et al. 2023). However, these relationships are often difficult to interpret when extinction (either interstellar or circumstellar) is high, and often also become more difficult to define for samples with periods longer than ~450 days (Matsunaga et al. 2009; Ita & Matsunaga 2011; Yuan et al. 2017b; Qin et al. 2018). While some of the uncertainty associated with the period-luminosity relation (PLR) for longer-period Miras can be addressed by using quadratic or kinked (with a break in the slope) relations, which account for hot-bottom burning (Whitelock et al. 2003), the difficulty in constraining Mira PLRs at long periods is also related to CSE extinction issues. In general, longer period Miras correspond to redder stellar colors and thicker CSEs (van der Veen & Habing 1988), and thus the long-period end of such relations is most affected by the presence of a thick CSE. Despite these limitations, Mira PLRs in the Large Magellanic Cloud (LMC) have shown low scatter (e.g., 0.12 mag; Yuan et al. 2017b), demonstrating that these relations are suitable for distance determination. Although establishing a sample of Mira variables in the Milky Way (MW) with known distances is more difficult than using LMC samples, Mira PLRs in the MW appear, so far, to be similar to those in the LMC (Glass et al. 1995; Whitelock & Feast 2000; Feast et al. 2002). More recently, Goldman et al. (2019) found no dependence on metallicity for AGB pulsations in very metal-poor galaxies, but a slightly steeper PLR has been found in the MW as compared to LMC relations using Gaia parallaxes (Sanders 2023). MW Mira PLRs remain of great interest, as solidifying the effect (or lack of effect) of metallicity on these relations is an important step for bolstering their use as distance estimators. In particular, in this study we are interested in Miras in the high-metallicity, bulge region of the MW.
While PLRs (or period-magnitude relations) are best known as tools for calculating distances, these relations can also be used to calculate reddening and extinction in samples at a given distance, for example, the Galactic center (GC; e.g., Ita & Matsunaga 2011; Qin et al. 2018). Samples of Mira variables have been used to calculate both the distance to and the reddening and extinction associated with the GC (Schultheis et al. 2009; Matsunaga et al. 2009; Ita & Matsunaga 2011; Qin et al. 2018). These samples often include hundreds of Miras and are based on assuming: (i) that the center of the Mira population is colo-cated with the GC and (ii) that the Mira sample is symmetrically distributed on either side of the GC. Similar studies have been done with Cepheid variables (Bhardwaj et al. 2017; Dékány et al. 2019).
To form cleaner samples of GC stars, kinematic criteria can be used, effectively removing all sources that may be associated with the disk. We note that such criteria may also remove a fraction of bulge sources, but with the net result of a much more homogeneous sample. Line-of-sight velocity measurements via optical and NIR spectroscopy are very difficult to obtain close to the plane and in the GC; however, radio-wavelength observations of masers are unaffected by extinction and available for thousands of AGB stars in the plane (e.g., Blommaert et al. 1994; Messineo et al. 2002; Deguchi et al. 2004). Specifically, SiO maser emission in stellar envelopes allows for measurements of line-of-sight velocity of sources regardless of obscuration by gas and dust (e.g., Deguchi et al. 2004; Messineo et al. 2018). As such, many samples of Mira stars with available line-of-sight velocities are comprised primarily of maser-bearing Mira stars, which do not necessarily reflect the properties of general MW Mira variables. Nevertheless, maser-bearing Mira variables play an important role in establishing MW PLRs because the distances to these sources can potentially be measured via maser parallaxes. Therefore, it is critical to understand how maser-bearing Miras differ from the general population in terms of CSE extinction and the corresponding effects on PLRs. Herein we address a sample of maser-bearing Mira variables near the GC.
Section 2 describes the sample selection and the surveys from which data are collected. Section 3 presents our results and starts by showing that our sample consists of especially long-period Miras. This section also includes the derivation of interstellar and circumstellar extinctions toward GC sources and presents period-magnitude diagrams for wavelengths 0.9-21 μm. In Sect. 4 we discuss mid-infrared (MIR) period magnitude relations in the sample showing that these stars are brighter at a given period than their LMC counterparts. We also explore the correlations between circumstellar extinction in the NIR bands showing these correlations are not what one would expect if circumstel-lar and interstellar reddening laws were the same. Finally in this section, we show several correlations between K-band extinction and various IR colors. Conclusions and a summary are presented in Sect. 5.
2 Data and sample selection
The Mira variable sources discussed in this work are adopted from the OGLE Mira catalog (Iwanek et al. 2022) and the BAaDE SiO maser catalog (Lewis 2021; Sjouwerman et al., in prep.) as described below. OGLE Bulge variables are identified from within the OGLE Bulge field and include 40,356 Mira variables (65,981 Miras in the Bulge and Disk OGLE data combined; Iwanek et al. 2022). Photometry for this catalog consists mostly of Cousins I-band data with some V-band points. The median number of epochs per source is over 200 in the I band, and some sources have been monitored for as long as 20 yr with over 16 000 epochs of I-band data. The identification of long-period variables, and specifically Miras, within the OGLE survey is described in Iwanek et al. (2022) and references therein. The methodology relied largely on visual inspections of periodograms and light curve shapes. Periods between 10 and 2000 days are considered, and the final period is confirmed via multiple methods (Iwanek et al. 2022). No formal errors on these periods are given. Within the long-period variables, Miras are classified by the amplitudes of their light curves - which are greater than 0.8 magnitudes in the I band.
The BAaDE survey is a radio-wavelength spectral survey of 43 GHz J = 1−0 and 86 GHz J = 2−1 SiO maser transitions in AGB stars. Roughly 20 000 IR-color-selected stars have been observed by the VLA and ALMA, and SiO maser emission has been detected in 56% of these sources (we note that this rate is artificially lowered by contamination from young stellar objects and carbon-rich AGB sources; Lewis et al. 2020b), yielding maser flux and line-of-sight velocity information for these sources. Another 8000 ALMA sources will be analyzed in the coming year. BAaDE line-of-sight velocities are estimated to be accurate to ~2 km s−1 and are available for all sources where an SiO maser is detected. The SiO-detection criterion also ensures that the sample with reliable velocities is composed (likely exclusively) of oxygen-rich (O-rich) stars. Relying on maser data for these line-of-sight velocities is necessary in large parts of the Bulge and the plane where even K-band extinction can range from 1 to 3.5 mag (Gonzalez et al. 2012), greatly affecting the availability of optical and IR spectra; this is especially true in the GC sample presented here.
The OGLE Bulge Mira catalog was cross-matched with the BAaDE catalog, in order to create a sample of sources with known variability type, periods, and line-of-sight velocities. The cross-match was performed using only sky-coordinate information with a 3″ matching radius. The coordinates used for the BAaDE sources are those from the 2MASS catalog (Skrutskie et al. 2006), where available, or the MSX catalog (Egan et al. 2003) otherwise. This is because 2MASS positions more accurately align with the maser positions than the MSX positions (Pihlström et al. 2018). The cross-match returned 2902 Mira variables in both the OGLE and BAaDE catalogs. The Vista Variables in the Via Lâctea data was not used to obtain variability information as many Miras are saturated in that catalog (Nikzat et al. 2022). Of Mira variables in both the OGLE and BAaDE catalogs, 2437 have line-of-sight velocities available from BAaDE data, while the rest did not show SiO maser activity during the BAaDE observations. The BAaDE maser detection rate among OGLE Mira variables is therefore 84%. This is a notably high fraction given that SiO maser sources are variable and that both Stroh et al. (2018) and Pihlström et al. (2018) detect SiO masers in roughly 80% of sources when reobserving samples of known SiO maser stars.
The sample has also been matched to the 2MASS, WISE, and MSX catalogs (the BAaDE catalog is derived from 2MASS and MSX, and the WISE match was conducted separately) and we therefore have access to 2MASS J (1.2 μm), H (1.6 μm), Ks (2.2μm); WISE 1 (3.4 μm), 2 (4.6 μm), 3 (12 μm); and MSX A (8 μm), C (12 μm), D (14 μm), and E (21 μm) magnitude measurements (Egan et al. 2003; Skrutskie et al. 2006; Wright et al. 2010). Only 2MASS matches with quality flags A or B were included, and sources flagged as extended or artifacts were further excluded. WISE matches with quality flags U and X were excluded. Given the high quality of the IR data once these flags are considered and the brightness of AGB stars, we find that blending is unlikely to have much affect on this data even in crowded regions. 2MASS measurements are single-epoch observations of variable sources, as opposed to average magnitudes over the stellar phase, which will contribute to scatter and uncertainty when comparing to period-IR relations. WISE measurements are averaged over several epochs and may suffer less from this effect, but still do not represent average magnitudes derived from light-curve fitting.
Finally, we define a sample of OGLE/BAaDE sources with absolute line-of-sight velocities over 100 km s−1, absolute Galactic longitudes less than 3°, and absolute latitudes below 4°. Six sources (ad3a-05111, ad3a-03680, ad3a-04158, ad3a-03047, ad3a-01580, and ad3a-04121) which fit these criteria are not included in the sample because their light curve coverage is sparse (especially as compared to other OGLE Mira variables), making period determinations unreliable. This resulting sample of 370 sources is presented as our GC sample. This sample is assumed to be in the inner bulge, near the center of MW, that is, near Galactic latitude and longitude 0° and near a distance of 8 kpc (Reid et al. 2019; GRAVITY Collaboration 2019). By using this relatively small, carefully selected sample, we avoid the need to make assumptions about the symmetry of the Milky Way Mira population about the GC or the coincidence of the center of the Galactic Mira population and the GC, as was necessary in previous studies regarding the GC distance (Schultheis et al. 2009; Matsunaga et al. 2009; Matsunaga 2012; Qin et al. 2018). Instead we use the new radio-wavelength measurements of the line-of-sight velocities of Miras from BAaDE to select only Miras with high absolute velocities. By adding velocity information we exclude sources that are likely to be in the disk, as such sources are expected to have much lower line-of-sight velocities due to their lower velocity dispersion (Ness et al. 2016; Robin et al. 2017). Cutting low-absolute-velocity sources will certainly also exclude many bulge sources, because the average velocity in both the bulge and disk toward the GC is close to zero (McGinn et al. 1989; Trippe et al. 2008; Kunder et al. 2012). However, there is also a large population of bulge sources with high absolute line-of-sight velocities (up to ~300 km s−1) which occupy the edges of the velocity distribution (McGinn et al. 1989; Lindqvist et al. 1992; Messineo et al. 2002; Trippe et al. 2008; Kunder et al. 2012). These high-velocity sources are expected only in the bulge because the velocity dispersion is much higher (130 km s−1; Valenti et al. 2018) than in the disk (40 km s−1 ; Valenti et al. 2018). Thus, after our velocity cut, few to no disk sources are expected to remain in the sample, leaving almost exclusively bulge sources. We choose to use this smaller sample, which doubtlessly has excluded many bulge stars, as it should have very little contamination from stellar disk populations. We acknowledge that halo stars may also have higher velocities similar to bulge stars, but we note that the density of halo stars to bulge stars is very low in the plane. That is, we cannot exclude that individual halo stars may be included, but even in the event that such low-metallicity stars manage to sustain SiO masers, the number of these stars in our sample would be extremely low.
Of course this sample selection method depends on a different set of assumptions, namely that high velocity (>100 km s−1) Mira variables within 4 degrees of l,b = 0,0 are at the distance of the GC, i.e., 8 kpc from the Sun (i.e., GRAVITY Collaboration 2019; Reid et al. 2019; Do et al. 2019; Iwanek et al. 2023). We note that reliable Gaia data is sparse for this sample given the proximity to the Galactic plane and the large distances. Further, Gaia parallaxes do not lead straightforwardly to accurate distances for Mira variables (Andriantsaralaza et al. 2022); thus Gaia parallaxes are not employed. We also did not adopt the period-based distance estimates for OGLE Miras given by Iwanek et al. (2023) as these are unlikely to be accurate for highly obscured stars. See Sect. 3.2.3 for discussion of how this distance assumption affects our uncertainty. The source names from both catalogs, 2MASS positions (i.e., those adopted by the BAaDE survey), maser-derived line-of-sight velocities, and I-band periods are given in Table 1. Further, the positions and line-of-sight velocities of the GC sources are shown in Fig. 1.
3 Results
We present results concerning the BAaDE/OGLE cross-match showing that maser-bearing sources have distinctly long periods, and further focus on the 370 GC sources which we assume to be at a distance of 8 kpc based on their sky positions and velocities. These sources allow us to estimate circumstellar extinction on a source-by-source basis by comparing to NIR Mira period-magnitude relations, which reveals that circumstellar extinction can account for several magnitudes of extinction in the Ks band. Finally, because extinction is still prominent in the NIR, we move to MIR period-magnitude relations, which are apparent in our sample when interstellar (but not necessarily circumstellar) extinction is corrected for.
3.1 Periods
The full OGLE bulge catalog of Mira variables includes sources with periods between roughly 100 and 800 days with a peak around 310 days (Soszyński et al. 2013; Iwanek et al. 2022). The OGLE Mira sources that were also observed as part of the BAaDE project have periods on the longer side of this distribution, peaking near 430 days (see Fig. 2). BAaDE sources were selected from the MIR MSX catalog (Sjouwerman et al. 2009), where redder colors are known to roughly correspond to longer-period Mira stars, and so it is reasonable that BAaDE sources should correspond with relatively long-period OGLE Mira sources. This agrees with the ~500-days average period derived for a sample of MIR-selected candidate Miras monitored by Urago et al. (2020a).
Additionally, the sources from the BAaDE catalog with detected maser emission have, on average, longer periods than the sample of nondetections. The dependence of SiO maser detection rate on period has been reported before (Imai et al. 2002; Deguchi et al. 2004), and this dependence is also evident in our sample (see right panel of Fig. 2). We find that maser-bearing sources within the cross-matched BAaDE-OGLE sample have periods that peak around around 470 days whereas the sources with no maser detections peak around 390 days. Although both distributions have a large period range, the offset in their peaks is significant (Fig. 2). This suggests that period could be used to optimize detection rate in SiO maser surveys.
The SiO detection rate is much higher for Miras with periods over 475 days (90%) than for Miras with shorter periods (79%).
The sample that is the main focus of this work, the GC sample,has anaverageperiodofaround470 days andtheirdistri-bution peaks around 450 days. Thus these GC sources have long periods with respect to Mira variables in general, but are consistent with other maser-detected Miras. The distribution of the periods of these sources is likely a consequence of many competing factors including the maser-bearing nature of these sources, the metallicity and age of Miras in the GC, and the selection functions of the OGLE LPV and BAaDE catalogs.
With this tendency toward long periods in mind, we note that many Mira PLRs become more scattered at periods of about 450 days and longer, likely due to a combination of hotbottom burning and CSE effects (Whitelock et al. 2003; Yuan et al. 2017b). Therefore, it is important to consider these, and any other, effects that may drive uncertainty and scatter at the long-period end of Mira PLRs when considering the GC sample.
	[image: thumbnail]	Fig. 1 Positions and line-of-sight velocities of the 370 “Galactic Center” Mira sources, which we assume to be at a distance of 8 kpc. The latitude gap traces areas of high extinction, where the OGLE survey is unable to obtain light curves - although maser information is available in this region.



Table 1 
GC sample properties.

3.2 Reddening and extinction
The intrinsic IR luminosities of the GC sample of Miras are expected to follow a PLR. In this section, we define PL NIR magnitudes for a Mira with a certain period based on period-magnitude relations in the literature, and compare these PL magnitudes with those from the 2MASS survey to derive extinction values for the GC sources.
To study the J-, H-, and Ks-band extinction of this sample we choose to use the relations from Yuan et al. (2017a), where LMC Miras, including those with periods over 400 days, are shown to follow a quadratic relation between period and NIR magnitudes. We note that Yuan et al. (2017b) provide similar relations but make corrections for stellar phase giving formally lower scatter; however, we use the values from Yuan et al. (2017a) because they are based on a sample with a higher portion of long-period sources. For example, only ten O-rich sources with a period over 500 days are used in the Yuan et al. (2017b) determination ofthe H-band relation and five are marked as outliers, whereas over 50 sources with periods over 500 days were included in Yuan et al. (2017a) for the H band. Further, we have completed all of the analysis described in this paper using both sets of relations, and find that the Yuan et al. (2017b) parameters lead to the unphysical case of non-zero H-band extinction when Ks-band extinction is calculated to be zero. We propose that the Yuan et al. (2017a) values are more appropriate for long-period sources, especially in H band, despite not being corrected for stellar phase. From these relations we find JPL, HPL, and [image: equation] magnitudes for a Mira with a period, P in days:
[image: equation](1)
[image: equation](2)
[image: equation](3)
We note that these relations are quadratic as opposed to linear. The quadratic nature is physically motivated by the hotbottom burning which takes place in AGB sources with long periods, essentially giving a magnitude boost to these longer-period sources (Whitelock et al. 2003; Yuan et al. 2017a,b). Using nonlinear relations such as these is critical for our sample because we consider mostly sources with periods over 400 days (Fig. 2).
The periods and observed J-, H-, and Ks-band magnitudes of the 370 GC sources do not fit the above relations for Mira variables well, and the lack of fit can be explained by extinction - which is expected to be severe in the sample. Figure 3 shows this lack of fit for the J, H, and Ks bands, where it is clear that nearly all of the observed magnitudes are fainter than is predicted by the period-magnitude relation from Yuan et al. (2017a). Fainter magnitudes are indeed consistent with extinction being the main driver of the lack of fit, as is the increase in offset as a function of wavelength. Several magnitudes of Ks-band extinction are well motivated for a sample of Mira variables in the GC which host masers (i.e., have at least some sort of CSE in which such masers can form). Several other samples of Miras from OGLE (Ita & Matsunaga 2011), and MACHO and SAAO data (Qin et al. 2018) have shown that longer period Mira variables deviate significantly from PLRs and period-color relations even when corrected for interstellar reddening because of their thick CSEs. Thus, while these heavily obscured sources will not contribute to refining the Mira PLR in NIR bands nor the distance to the GC, they can reveal information about the properties of reddening toward the Galactic center and in their own envelopes.
Comparing the JPL, HPL, and KPL magnitudes calculated for these Miras to the J, H, and Ks magnitudes observed by 2MASS, we can attribute the difference to the total (interstellar and cir-cumstellar) extinction in those bands (e.g., [image: equation]). This represents the approximate extinction caused by both interstellar and circumstellar material.
Table 2 presents the extinction values, derived from periods, for each individual source, where the extinction has been split into interstellar and circumstellar contributions via the method in the following section.
	[image: thumbnail]	Fig. 2 Period distribution of various samples. Top panel: periods, as reported in the OGLE LPV catalog, for all sources identified as Mira variable by the OGLE team (light gray) as well as for sources that have been observed for SiO maser emission by the BAaDE survey (black dotted line showing sources with detections of these masers and solid showing sources without a detection). Also shown are the periods of the GC sample (dark gray). The number of sources in each bin for BAaDE samples and GC sample have been multiplied by 10 and 20, respectively, for readability. Bottom panel: SiO maser detection rate as a function of period derived from the bins in the top panel. Results are shown over the period range with good statistics (~350–650 days). Error bars are determined by the number of sources used to calculate the detection rate and go as [image: equation].



	[image: thumbnail]	Fig. 3 Uncorrected absolute 2MASS J, H, and Ks magnitudes and periods of the GC sample. From this we interpret that extinction is still a large problem for NIR wavelengths causing NIR magnitudes to be fainter than the Yuan et al. (2017a) relations which we assume hold here.



Table 2 
GC sample extinction.

3.2.1 NIR interstellar extinction corrections
We correct for interstellar extinction by identifying the location of the Red-Giant branch (RGB) in 2MASS data surrounding the coordinates of each of our GC sources. This means we exclusively use the 2MASS data to calculate interstellar extinction values with no need for period or maser information from the GC sources. For each of the GC BAaDE/OGLE sources in our sample we use the 2MASS sources that are within 4′ to construct a J–Ks versus Ks color-magnitude diagram, and then fit a linear RGB to those sources similar to the methodology of Messineo et al. (2005). This radius of 4′ was chosen such that the area around the target source is small but still yields a robust RGB of about 600-1000 sources in the color-magnitude diagram. Assuming both the particular BAaDE source and the majority of the 2MASS sources are about 8 kpc away we can then calculate the reddening in the area on the sky surrounding each target source following the method presented in Messineo et al. (2005). This method is particularly well suited to our situation, where the sources we are interested in making interstellar extinction estimates for are likely near the GC, and therefore they are at the same distance as the bulk of the 2MASS RGB sources. We use the RGB of the globular cluster 47 Tuc as a template, where the RGB stars in that cluster fit the following relation:
[image: equation](4)
Use of this cluster as a template is advocated by Messineo et al. (2005), based on the results of Valenti et al. (2004) which show that the RGB of 47 Tuc has a similar color to the RGB in bulge globular clusters. Furthermore, bulge globular clusters have been shown to have similar characteristics as compared to bulge field stars, especially regarding the RGB (e.g., Minniti et al. 1995). In addition, 47 Tuc has been specifically shown to have a population similar to bulge field stars, albeit with slightly different average metallicity (Rich 2013). As Ivanov & Borissova (2002) showed that the RGB slope can be dependent on metallicity, we take the cautious approach of fitting both slope and intercept in each of our fields to allow for the fact that the metallicity of our fields can be different than that of 47 Tuc. The reddening is then given by subtracting the template relation of 47 Tuc, (J – Ks)0, from the (J – Ks) color relation determined from our fits to 2MASS color-magnitude diagrams. This yields color differences over a range of Ks-magnitudes. We then select the median of the data set as the E(J – K) reddening, and convert this value to AK extinction using the following equation:
[image: equation](5)
where CJK is a constant which depends on the value of α in the power-law relating wavelength and extinction: Aλ ∝ λ−α. The value used here for CJK is 0.537 which is consistent with α = 1 . 9 as recommended by Messineo et al. (2005). This method is applied to each of the 370 fields surrounding the GC sources.
Examining the color-magnitude diagrams produced for this sample reveals that 2MASS sources fainter than Ks = 12 mag are not RGB objects and hence should be discarded in the RGB fitting. Moreover, photometric errors are less than 0.04 mag when objects brighter than 12 mag are considered, and previous work has also shown that a magnitude cut at Ks < 12 is the most efficient in terms of fitting the RGB (Dutra et al. 2003). Therefore, we employ this cut before fitting the RGB. In addition to this faint magnitude cut, we also restrict the much brighter foreground stars in our calculation by excluding sources with Ks < 6 mag. It has been shown that stars with Ks-band magnitudes brighter than 6 are mostly bluer foreground stars and can bias the extinction calculation in that direction (Trapp et al. 2018). This generally leaves about 35–50% of the 2MASS sources in our 4′ area or about 600–1000 sources in each of the 2MASS color-magnitude diagrams.
Once we apply the magnitude cuts to the 2MASS data, calculate the reddening by the above method, and shift the RGB by the calculated reddening, it is clear that our fit traces the RGB in the 2MASS data (Fig. 4). Additionally, we can put the BAaDE source on the same plot, and as expected this source, which should be on the AGB, is usually much brighter than the 2MASS counterparts (mostly on the RGB) in the same region (Messineo et al. 2005). This is illustrated for three of the 4′ fields in Fig. 4 where each panel shows the RGB fit, 2MASS data, and the BAaDE source, clearly indicating that the BAaDE sources are brighter and redder than most of their 2MASS counterparts, as expected. The variance has also been calculated to quantify the reliability of the fit, thereby reflecting the accuracy of the calculated extinction values; this is also used to quantify uncertainty in Sect. 3.2.3. From these interstellar [image: equation] values we also calculate interstellar AJ and AH using ratios of [image: equation] and [image: equation] (Messineo et al. 2005).
We compared the Ak values obtained via this method to the maps of Marshall et al. (2006), Nidever et al. (2012), and Gonzalez et al. (2012, 2018), and find generally very good agreement. For up to 0.5 mag of extinction, our values generally match these other maps very closely with no systematic offsets. Between 0.5 and 1.5 mag of extinction, we find that our values are often slightly lower (0.2 mag or less). This difference is likely caused by the fact that our values are specifically tailored to the exact fields in which we are interested. These fields are very near, but always just outside of, large dust features in the Galactic plane. This is a feature of the cross-match to OGLE which requires high quality I-band data to be observable, and thus sources cannot be fully optically obscured. Likely our values are more appropriate for the exact location of our sources while other catalogs average in the effects of the nearby dust for these fields.
	[image: thumbnail]	Fig. 4 Color versus apparent magnitude plots of 2MASS sources (red dots) along with the much brighter BAaDE source (blue triangle) and our RGB fit (black straight line). All sources are within 4′ of the coordinates shown at the top of each panel. The RGB fit is used to derive the reddening and extinction ([image: equation], shown at top of plot) as described in the text. This procedure was conducted for each source in the GC sample and these plots are shown as examples of a low-extinction field, and typical-extinction field, and a high-extinction field from top to bottom.



3.2.2 Circumstellar extinction
Interstellar extinction for these sources ranges from roughly 0.2 to 0.9 mag in the Ks band, meaning that between about 0 and 4 mag of extinction in the Ks band remain unaccounted for and can be attributed to circumstellar extinction (see Table 2 or Fig. 5). This points to a large spread in CSE extinctions even within this relatively homogeneous sample. This spread can be seen in the last panel of Fig. 5 for the Ks-band. Ita & Matsunaga (2011) report a similar range of circumstellar extinctions (large spread and up to 4 mag in the Ks-band) in LMC Miras, although fewer of their O-rich sources reach the high-extinction end of this distribution as compared to the GC sample. They show that circumstellar extinction values of 2–4 mag are reasonable by estimating that these extinctions are associated with mass-loss rates of roughly 10−5 M⊙ y−1, using equations relating extinction and mass loss from van Loon (2007).
Additionally, we note some of these derived circumstellar extinction values are negative and therefore unphysical. These values could be caused by our distance assumption being incorrect or by the single-epoch 2MASS magnitudes which do not necessarily reflect the average magnitude over a stellar cycle. This problem only affects 3% of our sample in the Ks band (and 1% in J and H, where all sources with negative J or H values also have negative Ks values). All of the sources with negative extinctions have relatively short periods (<500 days) and relatively blue colors (J–Ks < 4 mag). Not much CSE extinction was expected for these blue, short-period sources and statistical issues could have pushed the extinction into the negative. We find no specific region of the sky in which negative-extinction preferentially occurs. Even though individual extinctions may be negative, that is, not entirely accurate, by applying our methods to a large sample of sources, we can effectively probe the range and extent of circumstellar extinction on a population scale. Likewise the highest extinction values (i.e., those over 4-5 mag in Ks) are likely affected by our distance assumption and/or stellar phase. On the whole, we see the circumstellar extinction for our long-period Mira sample can easily be more severe than interstellar extinction toward the GC in the NIR.
Extinction across various bands is often expressed as the total-to-selective extinction ratio, [image: equation], and we find that this value also varies widely for the circumstellar extinction in the GC sources. Most of our circumstellar CJK values lie between 0 and 2.0 for our sample with an average value of ~1.1; whereas values of ~0.5 are typical of the interstellar medium in the literature (Nishiyama et al. 2009; Majaess et al. 2016; Dékány et al. 2019). This shows not only that the amount of extinction among the CSEs in this sample is highly variable, but also that the reddening law cannot strictly be expressed as CJK = 0.5 or any similar single value. We find that E(J – K) can be quite close to zero in our sample, and that consequently small changes in this value cause large spread in CJK. Therefore, we explore the reddening law in this sample more in Sect. 4.2 using a different parameterization.
	[image: thumbnail]	Fig. 5 Separate interstellar and circumstellar extinctions as derived from period magnitude relations and our RGB-based interstellar extinction calculations. Our methods give unphysical (i.e., negative) circumstellar extinction values for about 3% of the sample in the Ks-band (and 1% in J and H), marked in the hashed region of the histogram. Unphysical values could be caused by our distance assumption being incorrect and/or by the fact that we use single-epoch magnitudes instead of averages. The high-end tails of the circumstellar distributions are likely affected by the same issues. However, on a population scale, our methods give an idea of the range and extent of circumstellar extinction.



3.2.3 Error budget of circumstellar extinction values
Uncertainty in the calculated circumstellar extinctions is caused by a combination of photometric uncertainty, variability, distance assumptions, uncertainty in Eqs. (1)–(3), and our interstellar calculations. Here we make estimations to quantify the contribution of each of these sources of uncertainty.
One of the smallest contributions to this budget are the 2MASS photometric uncertainties, which are typically estimated to be accurate to within −0.025 mag at the time of observation. However, these are single-epoch measurements and how these relate to the average Ks magnitudes is a large source of uncertainty. We have examined the feasibility of tracing the OGLE lightcurves back to the 2MASS epoch in order to estimate the I-band phase of each source during the 2MASS observation. Unfortunately, for most sources, more than 6-7 full stellar cycles have passed between the 2MASS epoch and the first epochs of well-sampled OGLE data, and tracing the lightcurves back over such a long period of time adds as much uncertainty as it corrects for. However, we can use this method to estimate the uncertainty caused by variability on a population scale. To estimate the effects of variability in the Ks band, we first transform the I-band light curve to one in the Ks band using a phase-shift of 0.08051 and an amplitude ratio of 0.368 (Iwanek et al. 2021); for J and H bands we use phase shifts of 0.02818 and 0.05430, and amplitude ratios of 0.613 and 0.463 respectively. The 2MASS photometric point is used to anchor this transformed lightcurve, and then an average magnitude is extracted, similar to the method used by Sun et al. (2022). Average magnitudes calculated in this way are very rough given the large amount of time between the 2MASS and OGLE photometry (often ten years), and we note again that we do not use these average magnitudes in our extinction estimates. Instead, we examine the differences between the average and the 2MASS magnitudes ([image: equation]) for all of the sources in our sample in order to quantify the effects of variability on the 2MASS measurements in the sample as a whole. Within our sample, these differences average around 0.004 mag and have a standard deviation of 0.37 mag for the Ks band. For the J band this yields ±0.62 mag; for the H band ±0.46 mag. We take these values as the uncertainty caused by variability. Note that this does not account for long term trends where the average magnitude drifts over the course of many years or many stellar cycles.
To address the uncertainty caused by our assumed distance of 8 kpc we first note that the GC sample should consist almost entirely of bulge sources due to their high velocities and the metallicity required to host SiO masers. We employ the bulge AGB distribution discussed in Jackson et al. (2002), where the number of AGB sources as a function of Galactic radius, r, goes as e−r/0.8kpc. To relate this distribution to uncertainties in magnitude we use the distance modulus formula normalized to the GC distance:
[image: equation](6)
where μ8 is the magnitude error introduced by assuming a source is at a distance of 8 kpc when the actual distance from the Sun is given by d. Combining these gives the fraction of bulge sources expected for each value of μ8 as shown in Fig. 6. We note that this calculation included the full 3D relation between r and d (the distance from the GC and the distance from the Sun, respectively) but only allowed for sources within our sampled latitude and longitude range. Integrating the number of sources as a function of μ8 yields that -70% (i.e., similar to one standard deviation for a Gaussian distribution) of sources are expected to have μ8 values between −0.28 and 0.25 mag. Thus, we roughly approximate 0.28 mag as the uncertainty caused by distance in our sample. Shifting the GC distance by 0.2 kpc causes a shift of ~0.05 mag in μ8 which is much less than our estimated uncertainty.
The uncertainty in our interstellar extinction values is calculated by propagating the uncertainty of our RGB fits with the uncertainty in the fit to the template RGB of 47 Tuc (0.04 mag, see Eq. (4)) to obtain an uncertainty in E(J – Ks). This reddening uncertainty is then propagated with the uncertainty of CJK for a final value associated with interstellar extinction. The uncertainty of the value CJK is taken to be 0.1, which we find to be a good estimate based on the values presented in Table 1 of Messineo et al. (2005). The final value of interstellar uncertainty changes from source to source as the value depends on the quality of the RGB fit in the field around each source; values range from 0.19 to 0.27 mag with ~70% of the sources having uncertainties of 0.21 mag or smaller.
Finally, the uncertainties in the period-magnitude relations used to derive JPL, HPL, and [image: equation], are taken as the scatter given in Yuan et al. (2017a). These are 0.27, 0.27, and 0.24 mag, respectively.
Adding these five sources of uncertainty in quadrature for each band gives circumstellar uncertainties of 0.76, 0.64, and 0.56 mag for the J, H, and Ks bands, respectively. This exercise shows that although we are far from precision circumstellar extinction calculations, 3–4 mag of spread in these values cannot be accounted for purely by uncertainty. The large spread in values is in part physical. Further, the lack of precise and accurate distance estimates, interstellar extinction, variability-related, and period-magnitude-relation uncertainties have an almost equally large impact, especially in the Ks band. We note again that neither Gaia parallaxes nor the PLR-derived distance from Iwanek et al. (2023) are well suited to these distant stars near the plane with significant envelopes.
	[image: thumbnail]	Fig. 6 Magnitude error (μ8) incurred by assuming all sources are at a distance of 8 kpc if instead the sources are centered at 8 kpc and distributed exponentially in Galactic radius.



3.3 Mid-infrared period-magnitude relations
Having demonstrated that NIR circumstellar extinction can be large in our sample, we can investigate period-magnitude relations at longer, MIR wavelengths, where both interstellar and circumstellar extinction are less of an issue. Up to this point we have focused on existing J, H, and Ks period-magnitude relations as a tool for estimating expected magnitudes, as it has been argued by many authors that these bands (and Ks especially) are most suitable for producing relations with small scatter (e.g., Whitelock 2013). However, it has also been shown that there is a difference between “optical Miras” and “infrared Miras” - the later still suffering from considerable circumstellar extinction in the Ks band and often having no optical counterpart (Wood 2003; Ita & Matsunaga 2011). The GC sources fall strongly into the IR Mira category and therefore still suffer from too much circumstellar extinction at NIR wavelengths to easily construct period-magnitude relations at these wavelengths (recall Fig. 3). Therefore, we have also compiled WISE and MSX magnitudes for these sources and can explore period-magnitude relations across a range of wavelengths. To investigate these longer wavelengths we correct for interstellar extinction, where the Ks-band interstellar extinctions from Table 2 have been transformed to each band using α = −1.9 (Messineo et al. 2005).
We show in Fig. 7 that MIR magnitudes show a correlation with period in this sample, but that there is still considerable scatter in these relationships. At around 3 or 4 μm the presumably-circumstellar-extinction-related effects that disrupt observable period-magnitude relations are less substantial, and positive correlations between extinction-corrected (interstellar only) magnitude and period can be seen. We fit linear relations of the form M = a0 + a1(log(P) − 2.3) (where M is the absolute magnitude) to the WISE and MSX bands, and the parameters, a0 and a1, resulting from these fits are shown on the corresponding figure panels. Although we have discussed the improvement that quadratic PLRs usually yield for samples with periods longer than 400 days, we find in our case there are too few periods shorter than 400 days to allow for a reliable quadratic fit. Thus we present only the parameters of linear fits. The scatter in these relations could be caused by our assumption that these sources are all at the exact same distance, by the limited-epoch IR measurements (not averaged over stellar cycle), by circumstellar effects, or could be intrinsic. Note that we made no attempt to correct for circumstellar extinction in these plots because converting circumstellar extinctions from 2MASS bands to other bands requires one to make assumptions about the cir-cumstellar reddening law or α value. As we show in Sect. 4.2 our circumstellar extinctions do not appear to follow typical interstellar reddening laws and so making such assumptions would obscure our results in this case. We discuss the behavior of these diagrams more in Sect. 4.1.
4 Discussion
Within our sample there is an observable correlation between magnitude and period for wavelengths between 3.4 and 21 μm. To further investigate these period-magnitude relations at longer wavelengths, we focus in particular on the WISE bands where we can compare to existing relations based on LMC data. Additionally, we discuss the relationships between our calculated extinctions in various NIR bands and what these relations imply for dust in the CSE.
	[image: thumbnail]	Fig. 7 Period versus absolute magnitude plots for wavelengths from 0.9 to 21 μm. The y-axis in each plot is given in absolute magnitudes, where the central wavelengths of the I, J, WISE1, WISE2, WISE3, A, C, D, and E bands are 0.81, 1.25, 3.4, 4.6, 12, 8.0, 12, 14, and 21 μm respectively. Fits and their corresponding parameters are shown for WISE and MSX bands, where the parameters, a0 and a1, are obtained by fitting to the equation M = a0 + a1(log(P) − 2.3).



4.1 WISE-band period-magnitude relations and MIR excess
We compare our results to those obtained for OGLE Miras in the LMC. In particular, Iwanek et al. (2021) have recently explored these relations including data for longer period (>400 days) Miras. In Fig. 8 we show our interstellar-extinction-corrected GC Mira magnitudes and periods as compared to the period-magnitude relations presented in Iwanek et al. (2021). In general, our data show brighter Mira magnitudes at a given period than the LMC fits, and this differential widens for longer wavelengths.
These brighter magnitudes could be the result of CSE effects. Ita & Matsunaga (2011) show that carbon-rich (C-rich) AGB sources with significant envelopes in the LMC lie below (are fainter than) the period-magnitude relations they derive for wavelengths less than 3 μm, indicating CSE extinction. However, they also show that the same sources with prevalent envelopes often lie above (brighter than) period-magnitude relations for wavelengths greater than 3 μm. This shows that the effects of circumstellar extinction become minimal around 3 μm, and may even be replaced by emission from the envelopes at higher wavelengths. Furthermore, Urago et al. (2020b) show that OZ Gem, a MW O-rich Mira with a substantial CSE, is positioned on a K-magnitude-period diagram among C-rich LMC Miras, suggesting that the effect seen in Ita & Matsunaga (2011) is related to CSE prevalence more than chemistry.
In our sample, there is similar evidence for the weakened effect of circumstellar extinction in the WISE 1 band and at longer wavelengths; period-magnitude correlations are visible in WISE and MSX data but not shorter wavelengths. In addition, we see evidence for CSE contributions to the stellar brightness when comparing to Iwanek et al. (2021) for WISE 1–3 (Fig. 8). For CSEs with temperatures ≲300 K, a simple black-body approach would suggest that the circumstellar emission would be greatest in WISE band 3 followed by band 2 and then band 1. This could explain the increasing offset with increasing wavelength seen in Fig. 8, but more detailed modeling accounting for optical depth is needed to explore this further.
Alternatively, the offset in our data and the LMC MIR relations could be initial evidence that period-magnitude relations in the MW and LMC are fundamentally different at these longer wavelengths, and that metallicity or other environmental factors affect these relationships. It is not likely that the offset is caused by a systematic problem with our distance assumption, because we would not expect the offset to be dependent on wavelength in that case. As the GC sample was selected from a MIR catalog, has been shown to have very long periods, hosts maser emission, and shows severe CSE extinction, we find it most likely that the sample is showcasing some of the most extreme effects of CSEs on period-magnitude relations, and that the offset is indeed caused by (or at least dominated by) CSE contributions to the WISE magnitudes, but we do not rule out environmental effects.
	[image: thumbnail]	Fig. 8 WISE magnitudes and periods of the GC sources as compared to period-magnitude relations derived from OGLE Miras in the LMC (Iwanek et al. 2021). An offset is seen between the data and the LMC relation - especially when considering the longest wavelengths - likely indicating that circumstellar emission becomes important at these wavelengths in the GC sample.



4.2 Correlations of circumstellar extinctions across bands
Calculated J, H, and Ks circumstellar extinctions are strongly correlated as shown in Fig. 9, and the slopes from linear fits to the circumstellar extinctions in each pair of bands are an expression of the reddening law in the CSE environments of the GC sample. Specifically, the slopes presented are derived from fits with a fixed intercept of zero and exclude negative extinction points. This gives empirical values of AJ/AH = 1.30, AJ/AK = 1.75, and AH/AK = 1.35 for the circumstellar environment. From Fig. 9 it is also clear that these extinctions are strong functions of period, as is expected for extinction caused by circumstellar effects.
We compare the slopes of our circumstellar extinction data to interstellar extinction laws, as well as the circumstellar values from Yuan et al. (2017b), who presented a similar comparison in their work. Similar to their study we find that our circum-stellar extinctions do not match interstellar extinction laws well. Specifically, we see relatively more extinction in the Ks-band than J- and H-bands compared to typical values assumed for interstellar extinction. Comparing just the J- and H-bands, we find more extinction in H as compared to interstellar reddening. These tendencies suggest that there are significantly more grains with sizes around ~1 μm in CSE environments than in interstellar environments, based on a preliminary grid of model SEDs of circumstellar envelopes of AGB stars, generated using the radiative transfer code DUSTY (Ivezić et al. 2012) with different grain-size distributions. A standard dust grain size distribution following a power law with a maximum dust grain size of 0.25 μm (i.e., the default in DUSTY) does not reproduce our relation between Ks and J-band circumstel-lar extinction; however the same distribution with a maximum grain size of 1 μm does reproduce this relation well. Detailed modeling is required to further explore the physical reasons for these reddening differences, but is outside of the scope of this paper.
We do find that our slopes agree well with the slopes from Yuan et al. (2017b) for O-rich LMC Miras, with especially good agreement in the H–J circumstellar extinction plane. This is an indicator that NIR circumstellar reddening is similar for AGB sources in the LMC and the MW, at least in the long-period regime primarily sampled here. However, as mentioned, additional work remains to be done before precision circumstellar extinction values are achievable in the MW. This agreement between the circumstellar extinction slopes for our sample and the O-rich LMC sample is expected because the GC sample also consists of O-rich Miras. In contrast, C-rich circumstellar environments have been shown to be very different from O-rich ones in terms of molecular content (Bujarrabal et al. 1994), dust properties (de Vries et al. 2010; Messenger et al. 2013), color (Ortiz et al. 2005; Suh & Kwon 2011; Lewis et al. 2020a), and extinction properties.
It is inherently challenging to compare highly optically obscured (due to interstellar extinction) sources (i.e, the GC sample) with a less obscured sample (i.e., the LMC sample). Hence, it is notable that we find the clear result that the reddening over the 1-2 micron range between the circumstellar envelopes from these two samples is similar, especially given the very different metallicity environments in which these stars reside.
	[image: thumbnail]	Fig. 9 Colored dots show the circumstellar extinctions in the J, H and Ks-bands and their correlations with each other, where the color scale shows the periods of the sources in days. Colored lines show the relations between extinction in two bands as derived from the interstellar reddening law of Cardelli et al. (1989; maroon), the CSE extinction in O-rich LMC Miras as determined by Yuan et al. (2017b; pink), and the CSE extinction relation in C-rich Miras from the same study (red). The fits to the data here (black dashed lines) generally match the relations for O-rich LMC Miras more closely than relations from the interstellar law.



	[image: thumbnail]	Fig. 10 Correlation and fit for CSE Ks-band extinction, as calculated via our methods, and interstellar-reddening-corrected IR colors.



4.3 Extinction correlations with color
Circumstellar extinction values in the NIR are also correlated with the observed colors of our sources. Specifically, there is a strong correlation between AK and K or J − A color (see Fig. 10), where Ks − A and J − A colors are calculated using 2MASS and MSX magnitudes, that is, combining NIR and MIR data. These correlations are unsurprising because they fit the very basic picture that thicker envelopes cause more extinction, are redder, and belong to Miras with longer periods. However, the parameters of these empirical relations are still of interest because color can be relatively easily observed and can subsequently be used to estimate circumstellar extinction. The fits to these strongest color-extinction trends are presented as Eqs. (7) and (8), and we also present the Ak versus J−Ks trend as Eq. (9):
[image: equation](7)
[image: equation](8)
[image: equation](9)
where the uncertainties shown are only the uncertainties of the final fit. These relations are certainly not one-to-one as is evidenced in the scatters in the extinction in Fig. 10 (0.53, 0.48, and 0.78 mag for one standard deviation in Ks − A, J − A, and J − K, respectively), but we suggest that they can be used to curate samples of maser-bearing Mira stars which mitigate the effects of circumstellar extinction.
We also note that the relation between J−Ks color and Ks − band extinction, although very scattered in our data, has been reported on for LMC Miras. We show a comparison between our linear fit and the second-order relation derived from the LMC Miras from Ita & Matsunaga (2011). The relation from Ita & Matsunaga (2011) is consistent with our data, within the large amount of scatter. We note briefly that the fit from Ita & Matsunaga (2011) is driven mostly by the C-rich stars in their sample - with O-rich stars occupying only the bluest section of their diagram, but given the spread in our data we do not comment further.
5 Conclusions
Maser sources present a path forward for studying Mira period-magnitude relations in the MW, as distances to these stars can be measured via maser parallaxes (e.g., Sun et al. 2022). We explore circumstellar extinction and period-magnitude relations in a sample of SiO-maser-bearing sources near the GC in order to understand the biases that maser-bearing sources may introduce as compared to the general Mira population, as well as the effects of the high-metallicity environment of the Galactic bulge as compared to previously explored low-metallicity LMC populations.
About 7% (-2900) of the OGLE bulge Miras were searched for SiO maser emission in the BAaDE survey, and nearly 2500 were detected. The detection rate of SiO masers among OGLE Miras is high at 84%, and these sources show that the SiO detection rate among Miras is a strong function of period. Specifically, Miras with periods over 475 days have an even higher SiO-maser-detection rate of 90%. Therefore, Miras that are also SiO-maser hosts are likely to have especially long periods, where we note that sources with such long periods require more complex (i.e., non-linear) PLRs to describe their behavior (Whitelock et al. 2003).
Within these 2500 maser-bearing Miras, we consider 370 sources to be likely in the GC based on their high line-of-sight velocities (absolute velocities over 100 km s−1) and Galactic coordinates. We derive interstellar extinction values for this sample using the position of the RGB in 2MASS fields near our maser sources. Additionally, these Mira variables should follow NIR period-magnitude relationships, and thereby their intrinsic NIR magnitudes can be determined from their periods assuming a distance of 8 kpc. We derive circumstellar extinction values for the sample using these intrinsic (i.e., period-derived) values and the aforementioned interstellar reddening values. The resulting circumstellar extinction values have a wide range, from practically no extinction up to 4 mag in the Ks band. These results suggest a wide variety among CSE properties even for this small sample of sources all of which are likely in a similar environment (the Galactic bulge).
Our study supports the idea that circumstellar extinction is a function of IR color, and shows that the correlations between Ks-band CSE extinction and J - A colors are most pronounced. As such, we suggest these colors can be used as a loose proxy for CSE extinction. Further, as samples curated from certain narrow J − A and/or Ks − A color ranges may be more homogeneous in terms of circumstellar properties, we also note that investigating PLRs in such samples constitutes important future work.
Comparing circumstellar extinctions in the J, H, and Ks bands shows they are strongly correlated, as expected. However, the relations between each pair of these extinction values do not follow standard interstellar reddening laws; instead they more closely match the circumstellar extinctions seen in Mira variables in the LMC in Yuan et al. (2017b). We emphasize agreement between our values and O-rich LMC Miras in our empirical determination of AJ/AH, AJ/AK, and AH/AK, where we report values of 1.30, 1.75, and 1.35 respectively.
Finally, we present period-magnitude diagrams for bands covering 0.9–21 μm with interstellar extinction corrections applied. Positive correlations are not detectable for wavelengths <3 μm, but are clearly visible for longer wavelengths, and we present linear period-magnitude fits for WISE and MSX bands. It is clear that in WISE bands 2 and 3 the magnitude at a given period is generally brighter than predicted by LMC MIR relations given by Iwanek et al. (2021). CSE effects can at least partially explain both the spread in MIR period-magnitude diagrams and the brighter magnitudes - as the CSE itself may contribute radiation at longer wavelengths. Likely SiO-maser samples, like the one explored here, have a wide variety of CSE conditions but tend toward very pronounced CSE effects. OH-maser samples often dominate discussions of pronounced CSEs and high circumstellar extinction. However, even though SiO-maser bearing sources may have thinner envelopes in general than OH-maser stars, their envelopes can significantly affect measured magnitudes as shown here. There is also a great deal of overlap between SiO- and OH-bearing stars with many sources hosting both species of maser. Moreover, I-band surveys such as OGLE are capable of detecting stars which host masers and have considerable circumstellar extinction, even at the distance of the GC. We suggest that tactics such as creating separate PLRs for various Ks – A color bins should be considered to account for the role of the CSE when employing Mira PLRs for stars with any maser activity.

Acknowledgements
We would like to thank the anonymous referee for helping us improve this manuscript. The research leading to these results has received funding from the European Research Council (ERC) Synergy “UniverScale” grant financed by the European Union’s Horizon 2020 research and innovation programme under the grant agreement number 951549, from the National Science Center, Poland grants MAESTRO. We also acknowledge support from the DIR/WK/2018/09 grant of the Polish Ministry of Science and Higher Education. This work is supported by the National Aeronautics and Space Administration (NASA) under grant number 80NSSC22K0482 issued through the NNH21ZDA001N-ADAP Astrophysics Data Analysis Program (ADAP). This research made use of data products from the Midcourse Space Experiment. Processing of the data was funded by the Ballistic Missile Defense Organization with additional support from NASA Office of Space Science. This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science Foundation. This publication makes use of data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by the National Aeronautics and Space Administration.

References
	Andriantsaralaza, M., Ramstedt, S., Vlemmings, W. H. T., & De Beck, E. 2022, A&A, 667, A74[See]
	Bhardwaj, A., Rejkuba, M., Minniti, D., et al. 2017, A&A, 605, A100[See]
	Bhardwaj, A., Kanbur, S., He, S., et al. 2019, ApJ, 884, 20[See]
	Blommaert, J. A. D. L., van Langevelde, H. J., & Michiels, W. F. P. 1994, A&A, 287, 479[See]
	Bujarrabal, V., Fuente, A., & Omont, A. 1994, A&A, 285, 247[See]
	Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245[See]
	Deguchi, S., Imai, H., Fujii, T., et al. 2004, PASJ, 56, 261[See]
	Dékány, I., Hajdu, G., Grebel, E. K., & Catelan, M. 2019, ApJ, 883, 58[See]
	de Vries, B. L., Min, M., Waters, L. B. F. M., Blommaert, J. A. D. L., & Kemper, F. 2010, A&A, 516, A86[See]
	Do, T., Hees, A., Ghez, A., et al. 2019, Science, 365, 664[See]
	Dutra, C. M., Santiago, B. X., Bica, E. L. D., & Barbuy, B. 2003, MNRAS, 338, 253[See]
	Egan, M. P., Price, S. D., & Kraemer, K. E. 2003, BAAS, 35, 1301[See]
	Feast, M., Whitelock, P., & Menzies, J. 2002, MNRAS, 329, L7[See]
	Glass, I. S., Whitelock, P. A., Catchpole, R. M., & Feast, M. W. 1995, MNRAS, 273, 383[See]
	Goldman, S. R., Boyer, M. L., McQuinn, K. B. W., et al. 2019, ApJ, 877, 49[See]
	Gonzalez, O. A., Rejkuba, M., Zoccali, M., et al. 2012, A&A, 543, A13[See]
	Gonzalez, O. A., Minniti, D., Valenti, E., et al. 2018, MNRAS, 481, L130[See]
	GRAVITY Collaboration (Abuter, R., et al.) 2019, A&A, 625, L10[See]
	Habing, H. J. 1996, A&ARv, 7, 97[See]
	Höfner, S., & Olofsson, H. 2018, A&ARv, 26, 1[See]
	Imai, H., Deguchi, S., Fujii, T., et al. 2002, PASJ, 54, L19[See]
	Ita, Y., & Matsunaga, N. 2011, MNRAS, 412, 2345[See]
	Ivanov, V.D., & Borissova, J. 2002, A&A, 390, 937[See]
	Ivezić, Z., Nenkova, M., Heymann, F., & Elitzur, M. 2012, arXiv e-prints [arXiv:astro-ph/9918475][See]
	Iwanek, P., Soszyński, I., & Kozłowski, S. 2021, ApJ, 919, 99[See]
	Iwanek, P., Soszyński, I., Kozłowski, S., et al. 2022, ApJS, 260, 46[See]
	Iwanek, P., Poleski, R., Kozłowski, S., et al. 2023, ApJS, 264, 20[See]
	Jackson, T., Ivezić, Ž., & Knapp, G. R. 2002, MNRAS, 337, 749[See]
	Kunder, A., Koch, A., Rich, R. M., et al. 2012, AJ, 143, 57[See]
	Lebzelter, T., Mowlavi, N., Lecoeur-Taibi, I., et al. 2023, A&A, 674, A15[See]
	Lewis, M. O. 2021, Ph.D. Thesis, University of New Mexico, Mexico[See]
	Lewis, M. O., Pihlström, Y. M., Sjouwerman, L. O., & Quiroga-Nuñez, L. H. 2020a, ApJ, 901, 98[See]
	Lewis, M. O., Pihlström, Y. M., Sjouwerman, L. O., et al. 2020b, ApJ, 892, 52[See]
	Lindqvist, M., Habing, H. J., & Winnberg, A. 1992, A&A, 259, 118[See]
	Majaess, D., Turner, D., Dékány, I., Minniti, D., & Gieren, W. 2016, A&A, 593, A124[See]
	Marshall, D. J., Robin, A. C., Reylé, C., Schultheis, M., & Picaud, S. 2006, A&A, 453, 635[See]
	Matsunaga, N. 2012, Ap&SS, 341, 93[See]
	Matsunaga, N., Kawadu, T., Nishiyama, S., et al. 2009, MNRAS, 399, 1709[See]
	McGinn, M. T., Sellgren, K., Becklin, E. E., & Hall, D. N. B. 1989, ApJ, 338, 824[See]
	Messenger, S. J., Speck, A., & Volk, K. 2013, ApJ, 764, 142[See]
	Messineo, M., Habing, H. J., Sjouwerman, L. O., Omont, A., & Menten, K. M. 2002, A&A, 393, 115[See]
	Messineo, M., Habing, H. J., Menten, K. M., et al. 2005, A&A, 435, 575[See]
	Messineo, M., Habing, H. J., Sjouwerman, L. O., Omont, A., & Menten, K. M. 2018, A&A, 619, A35[See]
	Minniti, D., Olszewski, E. W., & Rieke, M. 1995, AJ, 110, 1686[See]
	Ness, M., Zasowski, G., Johnson, J. A., et al. 2016, ApJ, 819, 2[See]
	Nidever, D. L., Zasowski, G., & Majewski, S. R. 2012, ApJS, 201, 35[See]
	Nikzat, F., Ferreira Lopes, C. E., Catelan, M., et al. 2022, A&A, 660, A35[See]
	Nishiyama, S., Tamura, M., Hatano, H., et al. 2009, ApJ, 696, 1407[See]
	Ortiz, R., Lorenz-Martins, S., Maciel, W. J., & Rangel, E. M. 2005, A&A, 431, 565[See]
	Pihlström, Y. M., Sjouwerman, L. O., Claussen, M. J., et al. 2018, ApJ, 868, 72[See]
	Qin, W., Nataf, D. M., Zakamska, N., Wood, P. R., & Casagrande, L. 2018, ApJ, 865, 47[See]
	Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2019, ApJ, 885, 131[See]
	Rejkuba, M. 2004, A&A, 413, 903[See]
	Rich, R. M. 2013, in Planets, Stars and Stellar Systems, eds. T. D. Oswalt, & G. Gilmore (Berlin: Springer), 5, 271[See]
	Robin, A. C., Bienaymé, O., Fernández-Trincado, J. G., & Reylé, C. 2017, A&A, 605, A1[See]
	Sanders, J. L. 2023, MNRAS, 523, 2369[See]
	Schultheis, M., Sellgren, K., Ramírez, S., et al. 2009, A&A, 495, 157[See]
	Sjouwerman, L. O., Capen, S. M., & Claussen, M. J. 2009, ApJ, 705, 1554[See]
	Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163[See]
	Soszyński, I., Udalski, A., Szymański, M. K., et al. 2013, Acta Astron., 63, 21[See]
	Stroh, M. C., Pihlström, Y. M., Sjouwerman, L. O., et al. 2018, ApJ, 862, 153[See]
	Suh, K.-W., & Kwon, Y.-J. 2011, MNRAS, 417, 3047[See]
	Sun, Y., Zhang, B., Reid, M. J., et al. 2022, ApJ, 931, 74[See]
	Trapp, A., Rich, R., Morris, M., et al. 2018, ApJ, 861, 75[See]
	Trippe, S., Gillessen, S., Gerhard, O. E., et al. 2008, A&A, 492, 419[See]
	Urago, R., Omodaka, T., Nagayama, T., et al. 2020a, ApJ, 891, 50[See]
	Urago, R., Yamaguchi, R., Omodaka, T., et al. 2020b, PASJ, 72, 57[See]
	Valenti, E., Ferraro, F. R., & Origlia, L. 2004, MNRAS, 351, 1204[See]
	Valenti, E., Zoccali, M., Mucciarelli, A., et al. 2018, A&A, 616, A83[See]
	van der Veen, W. E. C. J., & Habing, H. J. 1988, A&A, 194, 125[See]
	van Loon, J. T. 2007, ASP Conf. Ser., 378, 227[See]
	Whitelock, P. A. 2013, IAU Symp., 289, 209[See]
	Whitelock, P., & Feast, M. 2000, MNRAS, 319, 759[See]
	Whitelock, P. A., Feast, M. W., van Loon, J. T., & Zijlstra, A. A. 2003, MNRAS, 342, 86[See]
	Whitelock, P. A., Feast, M. W., & Van Leeuwen, F. 2008, MNRAS, 386, 313[See]
	Wood, P. R. 2003, Astrophys. Space Sci. Lib., 283, 3[See]
	Wood, P. R., & Sebo, K. M. 1996, MNRAS, 282, 958[See]
	Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868[See]
	Yuan, W., He, S., Macri, L. M., Long, J., & Huang, J. Z. 2017a, AJ, 153, 170[See]
	Yuan, W., Macri, L. M., He, S., et al. 2017b, AJ, 154, 149[See]


All Tables
Table 1 
GC sample properties.
In the text

Table 2 
GC sample extinction.
In the text

All Figures
	[image: thumbnail]	Fig. 1 Positions and line-of-sight velocities of the 370 “Galactic Center” Mira sources, which we assume to be at a distance of 8 kpc. The latitude gap traces areas of high extinction, where the OGLE survey is unable to obtain light curves - although maser information is available in this region.
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	[image: thumbnail]	Fig. 2 Period distribution of various samples. Top panel: periods, as reported in the OGLE LPV catalog, for all sources identified as Mira variable by the OGLE team (light gray) as well as for sources that have been observed for SiO maser emission by the BAaDE survey (black dotted line showing sources with detections of these masers and solid showing sources without a detection). Also shown are the periods of the GC sample (dark gray). The number of sources in each bin for BAaDE samples and GC sample have been multiplied by 10 and 20, respectively, for readability. Bottom panel: SiO maser detection rate as a function of period derived from the bins in the top panel. Results are shown over the period range with good statistics (~350–650 days). Error bars are determined by the number of sources used to calculate the detection rate and go as [image: equation].
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	[image: thumbnail]	Fig. 4 Color versus apparent magnitude plots of 2MASS sources (red dots) along with the much brighter BAaDE source (blue triangle) and our RGB fit (black straight line). All sources are within 4′ of the coordinates shown at the top of each panel. The RGB fit is used to derive the reddening and extinction ([image: equation], shown at top of plot) as described in the text. This procedure was conducted for each source in the GC sample and these plots are shown as examples of a low-extinction field, and typical-extinction field, and a high-extinction field from top to bottom.
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	[image: thumbnail]	Fig. 5 Separate interstellar and circumstellar extinctions as derived from period magnitude relations and our RGB-based interstellar extinction calculations. Our methods give unphysical (i.e., negative) circumstellar extinction values for about 3% of the sample in the Ks-band (and 1% in J and H), marked in the hashed region of the histogram. Unphysical values could be caused by our distance assumption being incorrect and/or by the fact that we use single-epoch magnitudes instead of averages. The high-end tails of the circumstellar distributions are likely affected by the same issues. However, on a population scale, our methods give an idea of the range and extent of circumstellar extinction.
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	[image: thumbnail]	Fig. 6 Magnitude error (μ8) incurred by assuming all sources are at a distance of 8 kpc if instead the sources are centered at 8 kpc and distributed exponentially in Galactic radius.
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	[image: thumbnail]	Fig. 7 Period versus absolute magnitude plots for wavelengths from 0.9 to 21 μm. The y-axis in each plot is given in absolute magnitudes, where the central wavelengths of the I, J, WISE1, WISE2, WISE3, A, C, D, and E bands are 0.81, 1.25, 3.4, 4.6, 12, 8.0, 12, 14, and 21 μm respectively. Fits and their corresponding parameters are shown for WISE and MSX bands, where the parameters, a0 and a1, are obtained by fitting to the equation M = a0 + a1(log(P) − 2.3).
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	[image: thumbnail]	Fig. 8 WISE magnitudes and periods of the GC sources as compared to period-magnitude relations derived from OGLE Miras in the LMC (Iwanek et al. 2021). An offset is seen between the data and the LMC relation - especially when considering the longest wavelengths - likely indicating that circumstellar emission becomes important at these wavelengths in the GC sample.
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	[image: thumbnail]	Fig. 9 Colored dots show the circumstellar extinctions in the J, H and Ks-bands and their correlations with each other, where the color scale shows the periods of the sources in days. Colored lines show the relations between extinction in two bands as derived from the interstellar reddening law of Cardelli et al. (1989; maroon), the CSE extinction in O-rich LMC Miras as determined by Yuan et al. (2017b; pink), and the CSE extinction relation in C-rich Miras from the same study (red). The fits to the data here (black dashed lines) generally match the relations for O-rich LMC Miras more closely than relations from the interstellar law.
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	[image: thumbnail]	Fig. 10 Correlation and fit for CSE Ks-band extinction, as calculated via our methods, and interstellar-reddening-corrected IR colors.
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      Fig. 1 

      
        [image: thumbnail]
      

      
        Positions and line-of-sight velocities of the 370 “Galactic Center” Mira sources, which we assume to be at a distance of 8 kpc. The latitude gap traces areas of high extinction, where the OGLE survey is unable to obtain light curves - although maser information is available in this region.

      

    

  
    
      Table 1 

      GC sample properties.

      
        


	BAaDE name
	OGLE name
	RA (J2000)
	Dec (J2000)
	VLOS (km s-1)
	Period (days)





	ad3a-04238
	OGLE-BLG-LPV-251997
	17:50:27.528
	–28:18:39.96
	–107
	504.0



	ad3a-04347
	OGLE-BLG-LPV-248279
	17:43:25.800
	–28:12:12.96
	210
	405.5



	ad3a-04350
	OGLE-BLG-LPV-138399
	17:57:14.688
	–28:12:09.72
	248
	455.6



	ad3a-04376
	OGLE-BLG-LPV-248715
	17:44:06.456
	–28:10:45.12
	201
	362.7



	ad3a-04404
	OGLE-BLG-LPV-177264
	18:01:09.408
	–28:08:48.12
	–118
	456.4



	ad3a-04412
	OGLE-BLG-LPV-253293
	17:53:00.000
	–28:08:15.00
	–218
	482.2



	ad3a-04415
	OGLE-BLG-LPV-252053
	17:50:34.248
	–28:08:11.04
	–105
	524.3



	ad3a-04418
	OGLE-BLG-LPV-248322
	17:43:30.312
	–28:07:55.56
	147
	273.0



	ad3a-04425
	OGLE-BLG-LPV-247533
	17:42:07.776
	–28:07:36.12
	140
	405.1



	ad3a-04433
	OGLE-BLG-LPV-254833
	17:56:10.656
	–28:07:17.04
	293
	557.0





      

      
Notes. BAaDE and OGLE names for the 370 GC sample sources, as well as source coordinates, maser-derived line-of-sight velocities, and I-band periods. Listed positions are those from 2MASS, accurate to within 0.015″ (Skrutskie et al. 2006) and generally within 1″ of the maser emission (Pihlströmetal. 2018),which are the coordinates used during the BAaDE survey. Coordinates ofthe corresponding OGLE source maybe different by as much as 3″. Uncertainties on the velocities are ±2 km s−1 for all sources and are dominated by the spectral resolution of the BAaDE survey. The full table is only available at the CDS. The first ten rows are presented here to demonstrate the form and content.




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Period distribution of various samples. Top panel: periods, as reported in the OGLE LPV catalog, for all sources identified as Mira variable by the OGLE team (light gray) as well as for sources that have been observed for SiO maser emission by the BAaDE survey (black dotted line showing sources with detections of these masers and solid showing sources without a detection). Also shown are the periods of the GC sample (dark gray). The number of sources in each bin for BAaDE samples and GC sample have been multiplied by 10 and 20, respectively, for readability. Bottom panel: SiO maser detection rate as a function of period derived from the bins in the top panel. Results are shown over the period range with good statistics (~350–650 days). Error bars are determined by the number of sources used to calculate the detection rate and go as [image: equation].

      

    

  
    
      Fig. 3 
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        Uncorrected absolute 2MASS J, H, and Ks magnitudes and periods of the GC sample. From this we interpret that extinction is still a large problem for NIR wavelengths causing NIR magnitudes to be fainter than the Yuan et al. (2017a) relations which we assume hold here.

      

    

  
    
      Table 2 

      GC sample extinction.

      
        


	BAaDE
	Interstellar extinction
	Circumstellar extinction



	name
	J
	H
	Ks
	J
	H
	Ks





	ad3a-04238
	2.61
	1.52
	0.91
	0.88
	0.31
	−0.13



	ad3a-04347
	2.60
	1.51
	0.91
	1.85
	1.52
	1.19



	ad3a-04350
	0.86
	0.50
	0.30
	6.04
	4.13
	2.64



	ad3a-04376
	3.19
	1.85
	1.11
	1.75
	1.59
	1.32



	ad3a-04404
	0.65
	0.38
	0.23
	3.32
	2.28
	1.57



	ad3a-04412
	1.75
	1.02
	0.61
	2.89
	
	



	ad3a-04415
	3.12
	1.81
	1.09
	0.16
	0.05
	−0.05



	ad3a-04418
	2.82
	1.64
	0.99
	-0.05
	0.08
	−0.03



	ad3a-04425
	2.01
	1.16
	0.70
	2.30
	1.90
	1.23



	ad3a-04433
	1.10
	0.64
	0.38
	1.79
	1.47
	1.20





      

      
Notes. Calculated interstellar and circumstellar extinctions in the J, H, and Ks bands (in magnitudes) for the GC sources. The typical errors on these values are discussed in Sect. 3.2.3. The full table is only available at the CDS. The first ten rows are presented here to demonstrate the form and content.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Color versus apparent magnitude plots of 2MASS sources (red dots) along with the much brighter BAaDE source (blue triangle) and our RGB fit (black straight line). All sources are within 4′ of the coordinates shown at the top of each panel. The RGB fit is used to derive the reddening and extinction ([image: equation], shown at top of plot) as described in the text. This procedure was conducted for each source in the GC sample and these plots are shown as examples of a low-extinction field, and typical-extinction field, and a high-extinction field from top to bottom.

      

    

  
    
      Fig. 5 
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        Separate interstellar and circumstellar extinctions as derived from period magnitude relations and our RGB-based interstellar extinction calculations. Our methods give unphysical (i.e., negative) circumstellar extinction values for about 3% of the sample in the Ks-band (and 1% in J and H), marked in the hashed region of the histogram. Unphysical values could be caused by our distance assumption being incorrect and/or by the fact that we use single-epoch magnitudes instead of averages. The high-end tails of the circumstellar distributions are likely affected by the same issues. However, on a population scale, our methods give an idea of the range and extent of circumstellar extinction.

      

    

  
    
      Fig. 6 
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        Magnitude error (μ8) incurred by assuming all sources are at a distance of 8 kpc if instead the sources are centered at 8 kpc and distributed exponentially in Galactic radius.

      

    

  
    
      Fig. 7 
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        Period versus absolute magnitude plots for wavelengths from 0.9 to 21 μm. The y-axis in each plot is given in absolute magnitudes, where the central wavelengths of the I, J, WISE1, WISE2, WISE3, A, C, D, and E bands are 0.81, 1.25, 3.4, 4.6, 12, 8.0, 12, 14, and 21 μm respectively. Fits and their corresponding parameters are shown for WISE and MSX bands, where the parameters, a0 and a1, are obtained by fitting to the equation M = a0 + a1(log(P) − 2.3).

      

    

  
    
      Fig. 8 
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        WISE magnitudes and periods of the GC sources as compared to period-magnitude relations derived from OGLE Miras in the LMC (Iwanek et al. 2021). An offset is seen between the data and the LMC relation - especially when considering the longest wavelengths - likely indicating that circumstellar emission becomes important at these wavelengths in the GC sample.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Colored dots show the circumstellar extinctions in the J, H and Ks-bands and their correlations with each other, where the color scale shows the periods of the sources in days. Colored lines show the relations between extinction in two bands as derived from the interstellar reddening law of Cardelli et al. (1989; maroon), the CSE extinction in O-rich LMC Miras as determined by Yuan et al. (2017b; pink), and the CSE extinction relation in C-rich Miras from the same study (red). The fits to the data here (black dashed lines) generally match the relations for O-rich LMC Miras more closely than relations from the interstellar law.

      

    

  
    
      Fig. 10 
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        Correlation and fit for CSE Ks-band extinction, as calculated via our methods, and interstellar-reddening-corrected IR colors.
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