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Studies of stellar magnetic fields mostly rely on proxies derived from chromospheric lines, typically forming in the UV and shorter wavelengths and therefore accessible only from space based observatories. Even Ca II K or H observations, forming in regions accessible from the ground, are not always available. As a result, there is a crucial need to explore alternative activity proxies to overcome the limitations posed by observational constraints. Using sun-as-a-star observations acquired with the ISS at SOLIS we investigated the correlation between the Ca II K emission index and indices derived from the Hα 656.3 nm and Ca II 854.2 nm lines, which are well known chromospheric diagnostics. We found that both the core intensities and widths of the two lines are positively correlated with the Ca II K emission index (ρ ≳ 0.8), indicating their suitability as reliable indicators of magnetic activity, the width of the Hα line showing the highest correlation (ρ = 0.9). We also found that such correlations vary with the activity cycle. Specifically, during the analyzed cycle 24, the correlations with the Ca II K index varied 14% for the Hα width, 33% for the Hα core intensity, and doubled for the two Ca II 854.2 nm line indices. These results suggest that, among the investigated indices, the Hα width best traces magnetic activity. Results are discussed at the light of current knowledge of the formation heights of the two lines, and of spatially resolved solar observations.
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1 INTRODUCTION
The analysis of spectral lines is an essential tool in astrophysics for extracting fundamental physical parameters of stars and their atmospheres, as well as investigating properties of planets and their orbits. Indicators derived from lines forming in the chromosphere and transition region are particularly important for investigating magnetic variability at different temporal scales. However, several chromospheric indicators that show high sensitivity to magnetic activity, like Lyα, Fe II and Mg II h and k lines, form in the ultraviolet (UV) region, restricting their observation to space-based platforms. Moreover, Lyα is notoriously affected by interstellar medium absorption which complicates the interpretation of this line (e.g., Youngblood et al., 2016; Smith et al., 2017). For these reasons, the most widely used chromospheric lines are the Ca II K and H lines (393 and 397 nm, respectively), which form in the near UV part of the spectrum and are accessible from the ground. These lines are well known proxies of the photospheric magnetic field (e.g., Babcock and Babcock, 1955; Leighton, 1959; Cincunegui and Mauas, 2004; Ermolli et al., 2010; Fontenla et al., 2011; Bertello et al., 2016; Pevtsov et al., 2016; Petrie et al., 2021; Tähtinen et al., 2022), and they are employed for a variety of studies which include dynamo processes (Skumanich, 1972; Saar and Brandenburg, 1999; Chowdhury et al., 2022; Velloso et al., 2023), the characterization of stellar magnetic fields from the photosphere to the outer layers of stellar atmospheres and winds (e.g., Testa et al., 2015; Reda et al., 2022; Reda et al., 2023), estimates of UV and EUV stellar radiative emission (Lovric et al., 2017; Criscuoli et al., 2018; Sreejith et al., 2020) and long-term monitoring of stellar cycles (e.g., Baliunas et al., 1995; Hall et al., 1995; Egeland et al., 2017; Radick et al., 2018; Buccino et al., 2020). Given that synoptic measurements of the magnetic fields started only in the 1950s, while Ca II UV measurements date back to the beginning of 1900s, the latter are fundamental diagnostics of the long term evolution of the solar magnetic field (e.g., Chatzistergos et al., 2022b), and a fundamental input for solar irradiance reconstructions particularly at times when these were not available (e.g., Berrilli et al., 2020; Chatzistergos et al., 2021; Penza et al., 2022).
In the recent years, there has been an increasing interest in understanding magnetic activity and its effects on stellar radiative emission, as spectral variability may critically affect exoplanet detectability (e.g., Santos et al., 2000; Al Moulla et al., 2023) as well as our ability to estimate the properties of exoplanet’s atmospheres (Rackham et al., 2023). Numerous efforts have therefore been dedicated to investigate different activity diagnostics, especially at spectral ranges accessible from the Earth. These include the Hydrogen Balmer lines, Na D1 and D2, the Ca II infrared triplet and He I D3, among others (e.g., Maldonado et al., 2019; Thompson et al., 2020; de Grijs and Kamath, 2021).
In this paper we investigate and compare the variability of line properties of the Hα 656.3 nm and Ca II 854.2 nm lines obtained from sun-as-a-star observations. We focus on these two lines because, together with Ca II UV lines, Hα 656.3 nm and of Ca II 854.2 nm are among the few lines forming in the chromosphere accessible from the ground, and as such, are widely used chromospheric diagnostics (e.g., de la Cruz Rodríguez and van Noort, 2017).
Sun-as-a-star observations show that the Ca II 854.2 nm line core intensity is positively correlated with solar activity (e.g., Livingston et al., 2010), which also modulates the bisector of the line profile (Pietarila and Livingston, 2011). The Ca II infrared lines as activity indicators have gained increasing attention after the launch of GAIA (Gaia Collaboration et al., 2016), which does not observe the Ca II K or other activity indicators, but uses observations in the Ca II infrared triplet to detect planets via radial velocity measurements (e.g., Busà et al., 2007; Martin et al., 2017; Lanzafame et al., 2023). Similarly, the Calar Alto high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical Échelle Spectrographs (CARMENES, Quirrenbach et al., 2016) does not observe in the Ca II K range but observes at wavelengths longer than 520 nm. The small (compared to other ranges) contamination from telluric and photosperic lines in the Ca II infrared triplet range, also facilitates the interpretation of measurements of these lines (de Grijs and Kamath, 2021). Previous studies indicate that the Ca II infrared triplet lines are indeed excellent activity indicators, meaning that indices extracted from these lines are positively correlated with other activity indicators as those derived from the Ca II UV lines (Martin et al., 2017; Long et al., 2021; Lanzafame et al., 2023), especially for late type stars (e.g., Dempsey et al., 1993; Zhang et al., 2016).
The importance of studying the variability of Hydrogen Balmer lines on different temporal scales lies in their application as diagnostics for various phenomena, including the modeling of stellar flares (Capparelli et al., 2017; Kowalski et al., 2017; Kowalski et al., 2022), the detection and characterization of stellar coronal mass ejections (Vida et al., 2019; Namekata et al., 2021; Leitzinger and Odert, 2022), and the estimation of stellar parameters (e.g., Barklem et al., 2002; Bergemann et al., 2016; Amarsi et al., 2018). Balmer lines serve also as diagnostics of the outer layers of exoplanetary atmospheres (Huang et al., 2017), necessitating a comprehensive understanding of their variability on stellar-rotational timescales to accurately assess the contribution of stellar contamination, especially from magnetic activity (e.g., Cauley et al., 2018; Chen et al., 2020). However, several observational studies conducted on samples of F-G-K stars reported that the variability of Balmer (especially Hα) and Ca II K indices can exhibit correlations, anti-correlations, or no discernible pattern (e.g., Strassmeier et al., 1990; Cincunegui et al., 2007; Gomes da Silva et al., 2014; Flores et al., 2018; Meunier et al., 2022). Recent works by Marchenko et al. (2021); Criscuoli et al. (2023b) showed that the variability on the rotational scale of core-to-wing ratio indices derived from Balmer lines is strongly modulated by the passage of sunspots, and almost insensitive to the presence of network and plage, thus following patterns more similar to the ones observed for photospheric, rather than chromospheric indices. Analysis of sun-as-a-star observations acquired with the Integrated Sunlight Spectrometer at SOLIS (Criscuoli et al., 2023b) and with the Fourier Transform Spectrometer at McMath-Pierce Solar telescope (Livingston et al., 2007; Meunier and Delfosse, 2009; Livingston et al., 2010) indicate that on the solar cycle scale, the Hα core-to-wing ratio index is highly correlated (r ≥ 0.7) with indices derived from the Ca II K line. Meunier and Delfosse (2009); Criscuoli et al. (2023b) also found that the correlation between the two indices is not constant over the magnetic cycle, but increases during periods of increasing activity and decreases during periods of low activity. Criscuoli et al. (2023b) suggested that the observed complex relation between the Hα and Ca II K indices should be ascribed to the temperature response function of the Hα core picking in the lower layers of the photosphere. In this work we expand the analysis presented in Criscuoli et al. (2023b) by studying the variability of both the width and core of Hα and comparing them to the variability of the same indices derived from the Ca II 854.2 nm line.
In Section 2 we describe our observations, followed by a presentation of our analysis of the variability of the Ca II 854.2 nm line and the Hα line in Section 3. In Section 4 we then discuss our results in the context of spatially resolved solar observations and conclusions are drawn in Section 5.
2 DATA SETS AND METHODS
Our analysis is based on a collection of ground-based solar observations acquired daily using the highly advanced Integrated Sunlight Spectrometer (ISS) (Pevtsov et al., 2014) over a span of about 7 years, from September 2007 to June 2014. The ISS is one of the three instruments comprising the Synoptic Optical Long-term Investigations of the Sun (SOLIS), a synoptic facility for solar observations over a long time frame operated by the National Solar Observatory. The ISS is a spectrograph that acquires disk-integrated observations of the Sun in ten spectral bands with resolving power R [image: image]. Hα is observed in the range 656.28 ± 0.825 nm with a spectral sampling of 1.12 p.m. and the Ca II 854.2 nm line is observed in the range 854.2 ± 0.775 nm with a spectral sampling of 1.58 p.m. The ISS data reduction pipeline is described in Bertello et al. (2011); Pevtsov et al. (2014). In summary, each spectral region is independently calibrated through an iterative procedure that makes use of photospheric lines, for wavelength calibration, and of the Wallace reference spectrum (Wallace et al., 2011), for intensity calibration. Examples of calibrated line profiles are shown in Figure 1. ISS observations (ISS, 2006) are publicly available at https://solis.nso.edu/0/iss/. Each of the line profiles, together with calibrated wavelength and intensity calibration uncertainties, are stored as FITS data files. For our analysis we retained only profiles where the uncertainty calibration in the line core is smaller than 0.003. Profiles whose core intensity was 0.01 larger than the surrounding days were identified as outliers and discarded. We further constrained our analysis to the period 1 September 2007 to 3 July 2014, to avoid unrealistic sharp changes of the line profiles due to the instrument relocation to Tucson. The dataset comprised a total of 1,323 observations, which encompassed the minimum and rising phases of solar cycle 24.
[image: Figure 1]FIGURE 1 | Examples of disk-integrated solar profiles acquired with ISS at SOLIS. Left: Ca IR 854.2 nm line. Right: Hα 656.3 nm line. The drop of intensity at the edges of the spectral windows is due to the shape of the prefilters.
For both Hα and Ca II IR lines, the core intensity (IC, hereafter) was estimated by a parabolic fit of the spectral region around the intensity minima. The line width was defined as the full-width-at-half-maximum (FWHM, hereafter), which was computed as the difference between the two wavelength points where the intensity is closest to twice the core intensity plus half the difference between core and continuum intensity. We found this method to provide more reliable results than fitting the lines with analytical functions as Gaussian or Voight functions.
We compare the variations of line profile properties with the NSO Ca II K emission index composite (Bertello et al., 2016), which is a widely used tracer of magnetic activity (see Section 1).
3 RESULTS
3.1 Variability
In Figure 2 we show the variability of the FWHM and IC derived from the two lines, together with the Ca II K Emission Index and the sunspot number1. Clearly, all indices increase over time, showing a minimum in 2009 and a maximum in 2014 (the maximum of solar cycle 24 occurred in 2015). However, different indices show different trends. Both the Ca II K Emission Index and the sunspot number show a rapid increase in the period 2010-2012, and a smaller increase, with large fluctuations after 2012. The indices extracted from the Ca IR line, instead, remain rather flat until about 2013, when they show a sharp increase. Finally, the indices derived from the Hα line present more gradual increase until 2013. It is also important to note that while the Ca II K Emission Index shows a variability of approximately 12%, the variability of the indices derived from the Ca IR and Hα lines ranges between 4% and 6%. We return on this point in Section 4.
[image: Figure 2]FIGURE 2 | Variability of the Ca II K Emission Index and of the line parameters derived from the Hα and Ca IR lines. The variability is here defined as the relative variation with respect to 2009, during which the minimum between cycles 23 and 24 occurred. In each plot μ is the average value of the corresponding shown quantity measured in 2009. The sunspot number in the same period is also shown for comparison.
In order to investigate and compare which of the indices best reproduces the Ca II K index, we compute the Spearman’s rank correlation coefficients between the Emission Index and the indices extracted from Ca IR and Hα lines. The Spearman’s rank correlation coefficient allows to evaluate the degree to which the connection between two variables can be expressed through a (non linear) monotonic function.
3.2 Overall correlations
We first investigated the relation between the different indices over the whole observational range spanning from September first 2007 to July third 2014. Figure 3 shows the scatter plots between the Ca II K emission index and the indices derived from the Ca IR and Hα lines, together with the computed Spearman’s rank correlation coefficient ρ. All the four indices show a high degree of correlation (at a confidence level better than 99.9%) with the Ca II K emission index, the highest correlation found for the Hα FWHM index, and the lowest for the Ca IR FWHM. However, a large scatter is observed at times of high activity (Ca II K emission index larger than 0.086) especially for the indices derived from the Ca IR line, most likely due to the increase of rotational variability. The plots also show that the relation with the Ca II K emission index changes with time, especially in the case of the Ca IR line, in agreement with the trends reported in Figure 2. Changes in relations between activity indices are not uncommon (e.g., Criscuoli, 2016; Pevtsov et al., 2016; Lovric et al., 2017; Salabert et al., 2017; Criscuoli et al., 2018; Chatzistergos et al., 2022a; Meunier et al., 2022) and typically result from differences in the way in which different indices react to magnetic activity, which, in turn, result from different sensitivity to changes in atmospheric parameters, as temperature and pressure, formation height, and different sensitivity to the magnetic field itself, via, e.g., the Zeeman effect. Variations of the relation between the Hα and Ca II IR indices and the Ca II K index are discussed in next session.
[image: Figure 3]FIGURE 3 | Relations between the Ca II K Emission Index and the indices derived from the observations of Hα and Ca IR lines. ρ is the Spearmann’s rank correlation coefficient.
Figure 4 shows the scatter plots of the FWHM and the IC derived from the two lines. The Spearman’s rank correlation coefficients between the indices is rather high in both case, and deviations from a simple linear trend are also clear. However, the plots also show less dispersion than when comparing the indices with the Ca II K Emission Index (Figure 2).
[image: Figure 4]FIGURE 4 | Relations between the indices derived from the Hα and the Ca IR lines. Spearman’s rank correlation coefficient (ρ) is also shown.
3.3 Running correlations
Previous studies (Meunier and Delfosse, 2009; Criscuoli et al., 2023b) showed that the correlation between the Hα core-to-wing ratio and Ca II K activity indices vary over the magnetic cycle, dimming during periods of minima and increasing during the ascending phase. To investigate whether similar behaviours are found for the FWHM and IC of the Ca IR line and for the FWHM of Hα line, following Criscuoli et al. (2023b) we computed the Spearman’s correlation coefficients over 4-year running, overlapping 1 day difference windows. We chose a 4-year window because Meunier and Delfosse (2009); Criscuoli et al. (2023b) showed that with shorter temporal windows the correlation between indices strongly depends on the temporal region and on the length of the window. Temporal windows larger than about 3 years tend instead to produce more consistent results, most likely due to the better statistics. Results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Temporal variation of the 4-year Spearman’s rank correlation between the indices derived from the Hα and Ca IR lines and the Ca II K Emission Index.
In agreement with previous studies, all indices show a temporal trend similar to the one reported for the Hα core-to-wing ratio, that is a gradual increase of the correlations as the activity ramps up. However, indices derived from the Ca IR line show larger variations, the correlation ranging between 0.4 and 0.8 in the case of Ca IR IC and 0.3-0.7 in the case of Ca IR FWHM. Indices derived from Hα show smaller variations, Hα IC varying between 0.6 and 0.8 and the Hα FWHM showing an almost constant behaviour, ranging between 0.7 and 0.8.
These results, together with the ones reported in Section 3.1, suggest that indices derived from Hα more closely follow the trends of in the Ca II K Emission Index, the Hα FWHM being the best overall.
We then investigated the trends of the 4-year correlations between the indices computed from Hα and Ca IR lines. Results, shown in Figure 6, indicate that, in agreement with results shown in Section 3.2, overall the indices derived from the Hα and Ca IR lines present higher degree of correlation among themselves rather than with the Ca II K Emission Index, exceeding 0.9 in the case of the IC indices, while relatively large fluctuations are found from the minimum to the maximum of activity.
[image: Figure 6]FIGURE 6 | Temporal variation of the 4-year Spearman’s rank correlation between the indices derived from the Hα and Ca IR lines.
4 DISCUSSION
As mentioned above, the relation between the Hα core-to-wing ratio and activity has already been investigated in previous studies. In particular, our results are in qualitative agreement with the analysis of Criscuoli et al. (2023b), who also analyzed ISS observations. However, results reported in this study show a higher and steadier correlation with the Ca II K index over time. Difference are to be ascribed to 1) the use of the Spearman’s rank correlation coefficient instead of the Pearson’s coefficient; 2) the use in this study of the Ca II K emission index instead of the Ca II K plage index employed in Criscuoli et al. (2023b). Results presented in this study are more similar to the correlations found by Meunier and Delfosse (2009), who also employed the Ca II K Emission Index.
The fact that we find a better, and steadier correlation between the Ca II K Emission Index and the Hα FWHM index than the Hα IC index, is in agreement with results obtained from the analysis of spatially resolved observations. Specifically, Molnar et al. (2019); Tarr et al. (2023) found that the Hα FWHM well correlates with brightness temperature derived from ALMA measurements in the chromosphere, which, as explained in Section 1, typically show higher magnetic sensitivity than diagnostics forming in the photosphere. On the other hand, Cauzzi et al. (2009), who also analyzed spatially resolved observations, found that the Hα core intensity is almost insensitive to the presence of network, a result later confirmed by the analysis of disk-integrated observations and models presented in Criscuoli et al. (2023b), thus reducing the overall correlation of Hα IC with the Ca II K emission index especially during periods of low activity.
The trends found for Ca IR FWHM are also in qualitative agreement with what one would expect from results obtained from spatially resolved observations and theoretical considerations. The wings of the Ca IR line form and have a larger response in the photosphere (Andretta et al., 2005), so that it is no surprise that the Ca IR FWHM shows overall lower, and more variable correlation over the cycle with the Ca II K Emission Index. However, following discussion in Cauzzi et al. (2009); Criscuoli et al. (2023b) we would have expected the trends of Ca IR FWHM to more closely follow the trends found for Hα IC, the latter also showing trends more typical of photospheric, rather than chromospheric, indices.
Spatially resolved observations also indicate that the Ca IR core fills more than the Hα core in magnetic regions (Cauzzi et al., 2009; Chae et al., 2021). In particular, Chae et al. (2021) found that in plage regions the Ca IR core may fill and go into emission, showing features similar to the Ca II K line, while the Hα line is always in absorption. For Ca IR IC we would have therefore expected larger variability, and higher and more constant (over time) correlation with the Ca II Emission Index, especially when compared with the Hα IC. Following the discussion in Cauzzi et al. (2009) we would have also expected the Ca IR IC and the Hα FWHM to display similar results, these two indices displaying a similar sensitivity to temperature.
Most likely, the (partial) discrepancies between results presented in this study and what is expected from the analysis of spatially resolved observations and models should be ascribed to residual calibration and instrumental issues in ISS observations. Criscuoli et al. (2023b), by comparing Hα core-to-wing ratio variability from ISS with results obtained from models and from McMath Pierce observations (Livingston et al., 2010) noted that the variability of Hα is most likely overestimated by the ISS. Similarly, we note here that the variability of Ca IR IC measured by the ISS is larger than the variability (min-to-max) measured with the McMath Pierce (Livingston et al., 2010) during cycle 23, which was more active than cycle 24. On the other hand, both Ca IR indices derived from ISS seem to show no long-term (years) trend (see Figure 2) until 2012, although the ascending phase of cycle 24 started in 2010, which is at odds as well with results presented in Livingston et al. (2010) and subsequent analysis by Pietarila and Livingston (2011).
Caution should be exercised when extrapolating our results to stars other than the Sun, especially to fast rotators. With an equatorial velocity of 2.2 km ⋅ s−1, the Sun is a slow rotator and rotational broadening effects are negligible, thus making it ideal to study magnetically induced effects. For stars other than the Sun, however, rotational broadening effects have to be compensated for by either making use of models or observed line profiles of non-active stars (Andretta et al., 2005; Busà et al., 2007; Martin et al., 2017), but these methods are limited to the cases in which the rotational broadening is smaller than line-shape changes induced by magnetic activity. Typical limit value reported in the literature is v ⋅ sin(i) < 15 km ⋅ s−1 (although detailed calculations depend in general on the physical parameters of the star, e.g., surface gravity, metallicity and effective temperature, Collins et al., 1995; Andretta et al., 2005). For solar-like, slow rotators, the line shape parameters investigated in our study are likely to be very good activity indicators. Our conclusion that Hα FWHM is the best indicator is also likely to be true considering that line widths are typically less affected than line core intensities by rotational broadening. The sensitivity of the Ca II 854.2 nm line, on the other hand, should be more carefully evaluated especially for faster rotators, this line being narrower than Hα and Doppler shift and limb-darkening being more pronounced in the IR.
Finally, for completeness we note that our results are in disagreement with results published in Toriumi and Airapetian (2022); Toriumi et al. (2022), who employed ISS observations calibrated making use of radiometric measurements, to investigate the relations between the Hα and Ca II 854.2 nm emission and the disk-integrated photospheric magnetic flux. Those authors found that the irradiance measured at the two spectral ranges shows a small, negative Pearson correlation coefficient with the magnetic flux, which is surprising given that the magnetic flux and the Ca II K emission are positively correlated, so that a positive correlation with the flux is expected according to our results. Indeed, results not shown, we found that the investigated line indices show a positive correlation with the photospheric magnetic flux derived from SOLIS observations (Bertello et al., 2012). Understanding the source of such discrepancies goes beyond the scope of this paper. However, we note that the degree of correlation between indices derived from ISS observations strongly depends on the data selection. As explained in Section 2, we restricted our analysis to the period 2007 - mid 2014 to avoid abrupt changes of line profiles associated with the instrument relocation. Additionally, we selected observations with minimal calibration uncertainties. We found that without such data selection, all the correlations between the various indices decrease. For instance, the Spearman correlation coefficient between the Hα IC and the Ca II K Emission index decreases from 0.886 to 0.33, and the Pearson correlation coefficient is −0.1, in line with the results published in both works by Toriumi et al. It is therefore likely that the primary source of discrepancy between our findings and those of Toriumi et al. stems from differences in the selection of ISS data, although uncertainties introduced by radiometric measurements cannot be discarded.
5 CONCLUSION
We analyzed and compared the variability of the core intensity and of the full-width-at-half-maximum of two chromospheric lines, Hα 656.3 nm and Ca II 854.2 nm, as derived from sun-as-a-star observations obtained with the ISS at SOLIS. We found that all four indices vary in phase with the magnetic activity and show high degree of correlation (≳ 0.8) with the Ca II K Emission Index, thus making them excellent proxies of magnetic activity. We also found that the degree of correlation changes with time, increasing during periods of maximum activity, in agreement with previous studies focused on Balmer lines (Meunier and Delfosse, 2009; Criscuoli et al., 2023b). The highest, and less variable over time, degree of correlation is found for the Hα FWHM, in agreement with theoretical and observational studies performed on spatially resolved data. Surprising instead are the min-to-max variations of the correlation coefficients between the Ca IR core and the Ca II K Emission Index, given the demonstrated sensitivity of the Ca II 854.2 nm core even to weak magnetic activity (Cauzzi et al., 2009; Chae et al., 2021). We also found that the min-to-max variability of both core indices seems to be too high compared to results presented in previous studies (Meunier and Delfosse, 2009; Livingston et al., 2010). These discrepancies (with both spatially resolved and disk integrated measurements) are not surprising. Criscuoli et al. (2023b) already reported quantitative but in some cases also qualitative discrepancies between long-term variations of indices derived from Balmer lines as measured by the ISS, McMath Pierce, HARPS-N and models. The trends found for the Ca IR line therefore contribute to strengthen the conclusion drawn in Criscuoli et al. (2023a) that inter-calibration between different instruments is necessary to achieve the accuracy needed to study the variability of line properties over decades.
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