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High-precision photometry from TESS has revealed over 500 stars, located between the δ Scuti and β Cephei instability strips, which pulsate with high frequencies. Models do not predict high pulsation frequencies in these stars. These anomalous variables may be identified with the historical “Maia” variables. From the projected rotational velocities, it is shown that the rotation rates of Maia variables are no different from main sequence or SPB stars in the same effective temperature range. Some Maia stars pulsate at frequencies typical of roAp stars. It is shown that Maia stars should be considered an extension of δ Scuti variables to effective temperatures as high as 18,000 K, rather than as a separate class. The TESS data show a continuous sequence of low-frequency pulsating stars linking the γ Doradus and SPB variables, which is not predicted by the models. There are, in fact, no well-defined instability strips at all among upper main sequence stars, which means that arbitrary choices of effective temperature and frequency ranges need to be made in order to assign a particular variability class. It seems that a mixture of driving mechanisms is present in which convection may play a very important role.
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1 INTRODUCTION
Pulsating stars with high frequencies (i.e., ν ≳ 5 d−1) lying between the δ Scuti and β Cephei instability strips have historically been called Maia variables. According to the models, stars in this region of the H–R diagram should not pulsate, though these anomalous pulsating stars have been suspected for many decades. Struve (1955) reported short-period variations in the star Maia, a member of the Pleiades cluster, but later disclaimed the variability (Struve et al., 1957). It is now known from K2 space photometry that Maia itself is a rotational variable with a 10-day period (White et al., 2017) and no sign of high frequencies. However, possible rapid far-ultraviolet flux variations have been reported in this star (Monier, 2021).
McNamara (1985), Lehmann et al. (1995), Percy and Wilson (2000) and Kallinger et al. (2004) found evidence for the Maia group using ground-based photometry. From CoRoT space photometry, Degroote et al. (2009) discovered several low-amplitude late B-type pulsators with a very broad range of frequencies and low amplitudes characteristic of Maia variables. Mowlavi et al. (2013) found that many rapidly rotating mid-B stars in the open cluster NGC 3766 pulsate with frequencies as high as 10 d−1. Mowlavi et al. (2016) also found that the majority of these stars obey a period–luminosity relation. They suggested the name “FaRPB” for these variables, but their properties are similar to what have been historically known as Maia variables.
Several late-B stars qualifying as Maia variables have been detected in the Kepler field (Balona et al., 2015; 2016). Using TESS data, Balona and Ozuyar (2020) identified 131 Maia candidates. More recently (Gaia Collaboration et al., 2022; Gaia Collaboration et al., 2023) found a population of Maia stars using Gaia photometry. The A0Vnne star HD 42477, which is hotter than the blue edge of the δ Sct variables, shows a single p-mode pulsation coupled to lower frequency g modes. Kurtz et al. (2023) argue that the anomalous pulsation in this star cannot be explained by temperature uncertainties, a binary companion, or contamination by background pulsators.
From TESS observations, Balona and Ozuyar (2020) found that stars pulsating at frequencies higher than about 5 d−1 are found all along the main sequence, including the region between the δ Sct and β Cep stars. In the H–R diagram, the distribution of β Cep variables merges smoothly with the distribution of the Maia stars which, in turn, merges smoothly with the δ Sct stars. The same occurs for the low-frequency pulsators (ν ≲ 5 d−1). SPB stars are found which are cooler than the predicted red edge (Sharma et al., 2022). The sequence of low-frequency pulsators continues into the A-star region where they merge with the γ Dor variables. These anomalous stars have been called “hot γ Dor variables” (Balona et al., 2016).
In an attempt to understand these anomalous pulsating stars, it is often assumed that their location outside the predicted instability region is a result of rapid rotation. When observed equator-on, rapid rotation lowers the apparent effective temperature due to equatorial gravity darkening, shifting the star to cooler temperatures in the H–R diagram. Some hot Maia variables could, for example, be understood as rapidly-rotating β Cep stars. The presence of SPB stars cooler than the predicted red edge could likewise be explained in this way.
Gravito-inertial modes in moderate to fast rotators may have frequencies higher than normal. Some Maia variables could be understood as rapidly-rotating SPB stars, for example. In fact, Salmon et al. (2014) concluded that their models could reproduce the observations of Mowlavi et al. (2013, 2016). Saio et al. (2017) examined pulsation models of rapidly-rotating main sequence B stars and calculated the properties of prograde sectoral g and retrograde r modes excited by the κ mechanism at the Fe opacity peak. They found that the period-luminosity relation described by Mowlavi et al. (2016) can be explained by prograde sectoral g modes in rapidly rotating stars.
Daszyńska-Daszkiewicz et al. (2017) considered three hypothesis for the Maia variables: rapidly rotating stars with underestimated masses, rapidly rotating stars with non-standard opacities and slowly rotating stars with non-standard opacities. While there are indications that one or more of these hypotheses might be able to explain the observations, no definite conclusions can be made at this stage.
If rapid rotation is indeed an important characteristic of Maia variables, the projected rotational velocities for these stars should be significantly higher compared to non-pulsating main sequence stars in the same effective temperature range. Such a test was performed by Balona and Ozuyar (2020) using 41 Maia stars, but no significant difference in rotation rate between Maia stars and main sequence stars could be found. However, it could be argued that the sample of Maia stars is too small for a definitive conclusion.
In this paper, we use TESS data from Sectors 1–65 to identify many new Maia candidates. Over 500 Maia stars as well as many other pulsating A and B stars have been identified. Full details of how the search was conducted, how estimates of effective temperature were obtained and the sources of projected rotational velocities are described in Balona (2022a).
The large number of variable stars allows an examination of the relationships between the β Cep, SPB, δ Sct and γ Dor stars each of which are characterized by different pulsation mechanisms. It is show that the concept of distinct instability strips is not valid. These groups are not isolated, but blend into each other in a way which cannot be explained by uncertainties in effective temperatures or rapid rotation. The Maia variables are best described as an extension of the δ Sct stars into the B star region. These results are strongly at variance with current concepts.
2 NEW MAIA VARIABLES
The TESS mission has been observing the whole sky and obtaining light curves for thousands of stars with 2-min cadence. This wide-band photometry has been corrected for long-term drifts using pre-search data conditioning (PDC, Jenkins et al., 2010). The author has been engaged in a project to classify the variability of stars hotter than about 6,000 K. Results of the classification of over 120,000 stars, together with their effective temperatures, Teff, luminosities, log  L/L⊙, and projected rotational velocities, v sin i, are reported in Balona (2022a). The values of log  L/L⊙, are from Gaia DR3 parallaxes (Gaia Collaboration et al., 2016; Gaia Collaboration et al., 2018). The classification was extended to TESS sector 65.
Many stars were detected which normally would be classified as δ Sct variables, but with effective temperatures in the range 10,000–18,000 K. These were classified as Maia variables if significant frequency peaks higher than νmin = 5 d−1 were detected. Frequency peaks are deemed to be significant if the signal-to-noise ratio in the periodogram amplitude, S/N > 4.7. The choice of νmin is arbitrary, but guided by the fact that in this temperature range only the low-frequency SPB variables, which have frequencies not much higher than about 3 d−1, are expected. Models do not predict δ Sct pulsations for main sequence stars hotter than about 9,000 K. The extension to 10,000 K is purely to minimize inclusion of δ Sct stars with erroneous values of effective temperature. For the same reason, the high-temperature limit for Maia variables was chosen to minimize inclusion of β Cep stars.
The full list of 519 Maia stars (and other variables) is to be found in Balona (2022a). In the present work, only stars within the main-sequence band are considered. This band is defined by −0.5 < Δ log  L/L⊙ < 1.5, where Δ log  L/L⊙ is the luminosity above the zero-age main sequence. Out of the 519 Maia variables observed by TESS, 446 stars are located within this luminosity band. If the value of νmin chosen to separate the SPB from the Maia class is raised to 10 d−1, this number is reduced from 446 to 373 stars. Clearly, the adopted value of νmin is not too important since most Maia variables have frequencies higher than 10 d−1.
It is difficult to distinguish between β Cep and SPB stars. Some bright, well studied β Cep stars have frequencies lower than 4 d−1, which is within the range predicted for SPB variables. In order to properly define the two variability classes, the frequency limit for SPB stars hotter than 18,000 K was lowered from νmin = 5 d−1 to νmin = 3 d−1. This means that the SPB classification depends not only on the range of observed frequencies, but also on whether the effective temperature is higher or lower than 18,000 K (Balona and Ozuyar, 2020; Balona, 2022a). Sharma et al. (2022) encountered the same difficulty, but used νmin = 2.4 d−1.
There are quite a number of Maia stars where a few low-amplitude peaks with high frequencies are present, in addition to peaks with lower frequencies. High frequencies can arise as a result of harmonics or combinations. In this investigation, harmonics and combination frequencies of the form ν = n1ν1 + n2ν2 were constructed from all frequency pairs ν1, ν2, where n1, n2 are positive or negative integers between −7 and +7. If the resulting frequency ν matches an observed frequency peak within the expected frequency uncertainty, it is not considered an independent frequency.
There are 59 Maia stars in which significant independent frequency peaks extending higher than 60 d−1 are present (Table 1). This number corresponds to about 11 percent of the Maia variables. As described in Balona (2022a), the notation MAIAU assigned to these stars does not indicate a separate variability class, but is just a convenient way of identifying Maia stars with high frequencies. These stars would probably be mistaken for roAp stars with δ Sct frequencies, except that they are significantly hotter and chemically normal. The roAp stars themselves can no longer be considered a separate class (Balona, 2022b). In the classification system described by Balona (2022a), δ Sct stars with independent frequencies higher than 60 d−1 are classified as DSCTU. There are 1344 DSCTU stars out of 11,721 δ Sct stars (also 11 percent of the population).
TABLE 1 | List of Maia variables with high frequencies. These are classified as MAIAU if νmax >60 d−1. The column labeled ν is the frequency (in d−1) of the most prominent peak above 60 d−1. The number of independent frequency peaks greater than 60 d−1, N, is shown. The effective temperature, Teff (in K), the luminosity, [image: image] and the spectral type is also shown.
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As already mentioned, rotation affects the apparent location of the star in the H–R diagram due to equatorial gravity darkening and introduces new gravito-inertial modes with moderately high frequencies (Salmon et al., 2014). It is often assumed that anomalous high frequencies in late B stars are a result of rapid rotation. While this idea is reasonable and provides a way of avoiding a confrontation with theoretical predictions, it needs to be tested by observations. All that needs to be done is to compare the projected rotational velocities, v sin i, for Maia stars with those of non-pulsating main sequence stars or SPB stars in the same effective temperature range.
The distribution of v sin i for 145 Maia stars and for 6,538 main sequence stars in the temperature range 10,000 < Teff < 18,000 is shown in Figure  1. Also shown in the same figure is a comparison of v sin i for Maia stars with 323 SPB stars in the same temperature range. The conclusion is clear: Maia stars have rotation rates similar to those of normal main sequence stars or to the SPB variables. The high frequencies in Maia stars have nothing to do with rapid rotation.
[image: Figure 1]FIGURE 1 | Top panel: the distribution of projected rotational velocity, v sin i, for Maia variables (heavy green histogram) and for main sequence stars in the same temperature range. The bottom panel shows the distributions for Maia and SPB stars in the same temperature range.
Another problem is the presence of low-frequency pulsations in stars cooler than predicted for SPB variables (i.e., Teff ≲ 11,000 K). Sharma et al. (2022) suggested that gravity darkening due to rapid rotation might explain the existence of these stars. To test this idea, we examined the v sin i distribution of 60 low-frequency pulsators with 9,000 < Teff < 11,000 K and compared it to the v sin i distribution of 1,217 main sequence stars in the same effective temperature range. No obvious difference could be found between the two distributions, but the sample is rather small. For SPB stars, the mean is ⟨v sin i⟩ = 159 ± 12 km s−1 and for main sequence stars ⟨v sin i⟩ = 118 ± 2 km s−1. In any case the rotation rate of these cool SPB variables cannot be called rapid. It can be concluded that rapid rotation is not the correct explanation for these anomalous cool SPB stars.
4 DISTRIBUTION OF MAIA STARS
Early results from TESS photometry (Balona and Ozuyar, 2020) seem to show a concentration of hot B stars in the H–R diagram, which can be identified as β Cep variables, and a larger concentration of cooler stars identified as δ Sct variables. The models predict that pulsating stars should be confined to well-defined instability strips, but the observations show a different picture with many pulsating stars in locations where they should not exist. While uncertainties in effective temperature and luminosity as well as rapid rotation would obviously contribute to such a spread, the spread appears to be larger than can be explained in this way. To illustrate this point, Figure 2 shows the number density of δ Sct, Maia and β Cep as well as γ Dor and SPB variables as a function of effective temperature. This figure was constructed by counting the number of main sequence stars of a particular variability class within a small range of effective temperature (0.02 dex in log  Teff).
[image: Figure 2]FIGURE 2 | The distribution of δ Sct, Maia and β Cep variables (top panel) and the γ Dor and SPB stars (bottom panel).
The figure illustrates the problem: there are no distinct instability regions among stars in the upper main sequence. The typical uncertainty in Teff of early-A and late-B stars is less than 1,000 K even if the temperature estimate is based on spectral type alone. This translates to an error of about 0.05 dex in log  Teff, which is only about twice the bin size used in Figure 2. Clearly, errors in effective temperature alone cannot explain the spread.
The figure also appears to suggest that Maia stars are not a separate class, but simply an extension of the δ Sct variables to much hotter effective temperatures. It is possible that high frequencies in a Maia star might arise in a binary system with a B-type primary and a normal δ Sct companion. Because the primary will be more luminous, the effective temperature would tend to reflect that of the B star rather than the δ Sct variable. In such a system, the observed pulsation amplitude of the δ Sct companion would be considerably reduced owing to the greater luminosity of the primary. This idea can be tested by comparing the amplitude distribution in Maia stars with that of δ Sct variables.
Figure 3 shows the distribution of peak amplitudes for δ Sct and Maia stars as well as β Cep variables. It is apparent that the amplitude distributions of Maia and δ Sct stars are the same, showing that Maia stars cannot be explained as binary δ Sct stars with B-type primaries. It is also quite interesting to note that the amplitude distribution in β Cep stars is rather different from the δ Sct or Maia variables. This supports the notion that Maia stars and δ Sct stars belong to the same population, but different from the population of β Cep variables.
[image: Figure 3]FIGURE 3 | The left panel shows the amplitude distribution in δ Sct and Maia stars. The right panel shows the amplitude distribution in β Cep stars. Amplitudes are in parts per thousand (ppt).
5 CONCLUSION
From TESS light curves in sectors 1–65, 519 stars have been identified as Maia variables. These are defined as main sequence stars with 10,000 < Teff < 18,000 K with frequencies greater than 5 d−1. In this temperature range, high-frequency pulsations are not predicted to occur. It is generally supposed that the high frequencies in these anomalous stars are probably a result of rapid rotation (Salmon et al., 2014). By comparing the projected rotational velocities, v sin i, of Maia variables with those of main sequence stars or with SPB variables in the same temperature range, it is shown that Maia stars are not rapidly rotating (Figure  1).
It is also demonstrated that the instability strips of δ Sct and Maia variables merge to form one single instability strip extending to the cool end of the β Cep variables. This merger cannot be explained by uncertainties in effective temperatures or by assuming that Maia stars are binary systems with B-type primaries and δ Sct companions. Indeed, as Figure 2 shows, there is no clear separation between any variability group among early-type stars, as already pointed out in Balona and Ozuyar (2020).
Figure 2 also shows a continuous sequence of low-frequency pulsators from γ Dor variables (Teff ≈ 7,000 K) to the hottest SPB stars (Teff > 25,000 K). The instability strip defined by the majority of γ Dor stars actually lies within the δ Sct instability strip (Balona, 2018). The distinction between these two types of pulsating star arose from the fact that low frequencies in δ Sct stars are generally undetectable from ground-based photometry. There would have been no need to create a separate γ Dor class if this was not the case.
It is also concluded that there exists a sequence of low-frequency pulsating stars beyond the cool edge of the SPB instability strip. This sequence of anomalous pulsators eventually merges with the γ Dor stars. These cool SPB stars (or hot γ Dor stars) appear to have rotation rates similar to normal stars and are not rapidly rotating, as suggested by Sharma et al. (2022). The distinction between SPB and β Cep stars is also arbitrary. In fact, the definition of SPB stars with Teff > 18,000 K had to be modified to ensure that stars previously defined as β Cep variables many decades ago need not be reclassified as SPB (Balona and Ozuyar, 2020; Sharma et al., 2022).
The main conclusion of this paper is to re-emphasize the fact that our current ideas regarding pulsational driving in stars of the upper main sequence need to be revised. It is no longer possible to identify separate variability groups with their own distinct driving mechanisms. One can consider SPB stars as simply Maia stars in which low frequencies are preferentially selected, just as one can consider γ Dor stars as δ Sct stars in which low frequencies are preferentially selected. The difference between β Cep and SPB variables in the same temperature range may also be a mode selection effect.
It appears that in each star there are multiple driving mechanisms which compete with each other. The traditional opacity mechanisms are still dominant in the δ Sct and β Cep stars, which accounts for the peaks in the number density at around 7,500 K and 23,000 K respectively. However, we do not know the origin of the driving mechanism which must also be present in order to account for the Maia stars, the cool SPB stars and the merging of different variability groups. The discovery that starspots are pervasive along the entire main sequence (Balona, 2022c) is relevant. This seems to imply that surface convection present in all A and B stars. Including convection in the models may assist in resolving these problems, but convection may not be the only factor. A better understanding of the upper stellar layers of A and B stars is clearly required.
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