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ABSTRACT

We present an analysis of more than 3,200 observations of 46 Sun-like stars and nearly 1,000 identical observations of the Sun.  Although approximately one third of the stars are observed in non-cycling states, these stars do not always exhibit overall magnetic activity well below that of solar minimum.  Solar activity minimum lies near the lowest level observed for stars with cyclic or irregular variability, but many non-cycling stars have magnetic activity comparable to or exceeding that of solar minimum.  We find that stellar maunder minima, if and when they occur, are not necessarily analogous to the solar Maunder Minimum.

We have monitored the chromospheric emission level and variability of the Sun and 300 Sun-like stars with the Solar-Stellar Spectrograph (SSS) at Lowell Observatory, in Flagstaff, AZ, since 1994.  Our instrument is a fiber-fed dual spectrograph.  One spectrograph operates in Littrow mode, imaging the spectra of the Sun and stars from λλ 3860 to 4010 Å, and the other is an echelle covering 19 spectral orders in the optical and near-IR region from λλ 5100 to 9000 Å with 70% coverage, and with resolution Δλ/λ ≈ 12,000.  The 20 spectral orders imaged from the two cameras are combined by the control software into a single frame for reduction and analysis.  We obtain observations of the Sun using an optical fiber mounted in an enclosure on the south side of the telescope dome, while starlight is directed during nighttime observations into an identical fiber at the 1.1-meter telescope focus.  The light paths are arranged so that sunlight and starlight are directed into the instrument through the same input, allowing direct comparison of the solar and stellar spectra.  We have presented a detailed description of the instrument and its characteristics (1).
Our target list consists of approximately 300 stars with a limiting visual magnitude of  7.1. The list includes two sets of stars: Sun-like stars, e.g., dwarfs with near-solar temperature (B – V between 0.57 and 0.72, bracketing the solar value of 0.65), and a set of dwarfs or marginally evolved stars covering a broader range of temperatures (the warmest star on our program is Procyon, F5 IV-V, B – V = 0.42, and the coolest is 61 Cygni B, K7 V, B – V = 1.37).  We observe the first set of about 100 stars intensively, obtaining many observations each observing season to characterize their time-variability, and we observe the second set up to three times per season, to obtain a complementary snapshot of stellar chromospheric behavior from spectral types F through K.  The solar and stellar data are highly self-consistent, being reduced identically from fiber-fed observations using a mechanically and thermally isolated spectrograph.  The various data series themselves are all of comparable length, and the data density of observations of variable and non-variable stars is similar.

Throughout our program, we have refined our observing priority list to emphasize the stars within our instrument’s grasp that most closely resemble the Sun.  The terms solarlike star, solar analog, and solar twin define progressively restrictive definitions of a truly Sun-like star (2), where solar twin means a star nearly indistinguishable from the Sun in all its pertinent gross characteristics.  We concur, and extend the requirement of “twin-ness” to include not only a snapshot of the star’s behavior, but also its time-variability.  The best (and by the most restrictive definition, the only) known solar twin is 18 Sco (HD 146233) (3, 4).  We observe 18 Sco and the other nearest solar analogs as often as telescope time and weather permit. 
We first address the calibration of our data set to the Mt. Wilson Observatory (MWO) S index, the measure of chromospheric activity employed by the largest and longest-running stellar cycles program (5, 6).  The S index is a dimensionless quantity proportional to the total flux in the Ca II H&K line cores divided by the flux in two nearby reference continuum bandpasses.  It therefore contains a color term arising from the temperature dependence of the stellar continua.  We have discussed at length (1) how we place our data on an absolute intensity scale, for subsequent calibration to absolute flux units via empirical flux scales (7).  Conversion of S to flux has engendered a long discussion (8-11).  We (1) reviewed the issue and established the conversion that correctly places both the Sun and Sun-like stars on a mutually consistent scale.  Using our calibration method, we have calculated S values from the SSS Ca II H&K fluxes, and while there is the expected scatter of several percent, the linear regression of SMWO and SSSS has a slope of 1.00 ( 0.06 for low-activity stars with well-defined values of S.
With both solar and stellar spectra reconciled to the Mount Wilson system, we now address one of the important issues in present solar-stellar cycles research.  It is well established that relative to stars of its activity level, the Sun has a vigorous chromospheric activity cycle but is photometrically sedate – more so than almost any other stars of its effective temperature and activity level (12).  The solar twin 18 Sco recently had its twin status reinforced with the discovery that its photometric variations may be as small as the Sun’s (13).  However, despite this pronounced broadband inactivity, 18 Sco has a noticeable activity cycle (14).  This leads us to consider what constitutes a truly inactive star in the sense exhibited by the Sun during its Maunder Minimum phase from 1645 to 1715 (and, by proxy inference, at other times in the past millennium). 
In a widely-cited paper, Baliunas and Jastrow found that roughly one-third of Sun-like stars have been sampled in Maunder Minimum-like phases (15), where their necessary conditions for a Maunder Minimum are (1) a very low level of magnetic activity and (2) a flat time series.  These authors used the data from 74 MWO stars, including extended time series of nine cycling stars and four magnetically flat stars, and found that cycling stars, like the Sun, exhibit magnetic minima comparable to the value of S at solar minimum (0.164), while magnetically flat stars lie in a somewhat lower state, around S = 0.140 - 0.155, with few stars exhibiting intermediate levels of chromospheric activity.  The distribution of activity obtained was therefore bimodal, with a roughly Gaussian envelope of cycling stars centered near S = 0.170, and a separate, narrow distribution centered near S = 0.145.  Since the flux contribution to S by non-magnetic phenomena is expected to be about 0.140 (11), the implied difference in magnetic activity for a star with S = 0.160 and S = 0.145 is significant. This suggests, assuming the sample used is significant and unbiased, that cycling Sun-like stars undergo a transition to a physically different Maunder Minimum state with a frequency approximately similar to that exhibited by the Sun over the past 1,000 years.  Accompanying this transition might be a significant change in the stars’ brightness, since the total irradiance is directly correlated to the magnetic activity level for both the Sun (e.g., 16) and solar-age stars (12).
Our HK data, converted to the Mount Wilson S index, do not recover  this bimodal distribution. In Figure 1, we show the histogram of derived S indices of 3,219 observations of 46 of the most nearly Sun-like stars in our target list.  The limits in S from solar minimum to solar maximum in the MWO data (5) are shown by the gray band near the middle of the distribution, and our derived solar S values for cycle 23, based on 916 observations of the Sun between 1994 and 2003, are shown by the outlined histogram.  For this analysis, we used only those stars in our sample that fall within the same color range used by Baliunas and Jastrow  (0.60 ( B – V ( 0.76), and which have at least one seasonal mean S index in our time series less than 0.190 – i.e., we require the stars have spent at least one season within the upper end of the solar cyclic excursion.  
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Fig. 1.  The distribution of chromospheric activity in 46 Sun-like stars.  The gray band in the main distribution is the solar cycle excursion in S from the MWO time series (5).  The superimposed histogram, outlined in white, shows our 916 direct measurements of the solar HK emission, converted to S.
Our S values are derived, not directly measured.  We decided at the outset of the SSS program to express results in terms of physical flux, rather than in terms of a generalized index, and we demonstrate elsewhere that our fluxes agree well with other published results, both absolute fluxes and direct S measurements, for the same stars (1, 7).  In Figure 2, we display the histogram of Ca K fluxes for our target stars along with the solar flux histogram. with those from the derived S values.  Because the flux is more strongly color-dependent than S, we have limited the color range for the main histogram in Figure 2 to 0.60 ( B – V ( 0.70. In the figure, we show superimposed distributions of the 37 stars in this color range, the 9 cooler stars, and the Sun.  We use the K fluxes alone to minimize variability introduced by the blend of the Ca H line (λ3968.5 Å) and the very nearby H( line (λ3970.0 Å).
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Fig. 2.  The distribution of chromospheric Ca II K line emission in 46 Sun-like stars.  The main filled histogram shows the fluxes for 37 stars with 0.60 ( B – V ( 0.70.  Fluxes for the 9 cooler stars form a histogram with two lobes near the lower and upper ends of the main distribution; these contributions come from low-activity and active stars, respectively, with B – V > 0.70.  The second superimposed histogram, outlined in white and roughly centered on the main distribution, is our 916 flux measurements of the solar K emission.

To assess the implications of these results, we examine the ensemble characteristics of our data set.  Of the 46 stars under consideration, 14 exhibit flat or nearly flat time series over 6-10 observing seasons, and 32 are variable in some way, exhibiting either (1) cyclic behavior, (2) a long-term secular trend, or (3) non-cyclic variability.  Thus, we do recover Baliunas and Jastrow’s conclusion that roughly one-third of the targets in a sample of Sun-like stars are in a non-cycling state.  Our target set includes three of the four flat stars analyzed in their study (HD 9562, 43587, and 143761).

The critical difference lies in the distribution of the flat star activity levels.  We concur with the MWO data on HD 9562 – our mean S is 0.147, compared with 0.146 reported by Baliunas and Jastrow, and there is no trend in the time series.  However, the derived S values for the other 13 flat stars occupy a broad and continuous range from S = 0.145 to S = 0.180, spanning the entire range of mean S values under consideration in this study, and with an even distribution.  Some scatter is introduced into our S measurements by the conversion from flux, of course, since this calculation depends on a star’s B – V color and our best estimate of its effective temperature. However, our direct K flux measurements give the same answer, and the SMWO – SSSS regression is nearly unity with scatter of only several percent.  Therefore, where Baliunas and Jastrow report that “the magnetic activity of the four ‘flat’ stars is almost always lower than the activity of the ‘cyclic’ stars,” we find, using a larger sample, that this is not the case in general – magnetically flat stars may, but do not necessarily, have less magnetic emission than those that exhibit cycles.  In our current sample, six of the 14 flat stars have mean S between 0.140 and 0.160, while eight lie between 0.161 and 0.185.
A second important point emerges from the records of the 32 cycling or otherwise variable stars.  None of these stars have minimum seasonal mean S values less than that of the solar minimum; they range from the solar minimum value – S of about 0.160 – up to 0.190.  The Sun, therefore, lies almost exactly at the lower limit of the activity levels for which stars exhibit cyclic behavior.  However, since we have not found a distinctly bimodal distribution of cycling and non-cycling stars, we do not believe it is valid to infer that a star’s magnetic activity level is much lower in a non-cycling state than in a cycling state, as Baliunas and Jastrow’s Figure 2 suggests.
Therefore, although the solar record suggests that a magnetically flat HK record and an extremely low level of magnetic activity are necessary conditions for a Maunder Minimum, we find that the latter condition is not typically fulfilled for Sun-like stars. The transition to a non-cycling state may entail a reduction in overall magnetic activity, but we do not yet know what the magnitude of that reduction is, or that it is necessarily the same for multiple Maunder Minimum states in the same star.  The non-magnetic contribution to S is approximately 0.140 (11, 15), and we do find that S ≈ 0.140 is a lower limit for our derived values, with HD 9562 the canonical near-zero-activity star.  However, since we also find that non-cycling stars may exhibit HK emission significantly above this level, the suggestion that Maunder Minimum states imply a near-disappearance of magnetic activity, or even a level greatly reduced relative to a star’s cycle minimum, is not supported by our data.
Finally, we note that although the MWO and SSS data sets contain numerous examples of flat stars, the evidence for transitions to or from a Maunder Minimum state remains sketchy, as no convincing transitions have been observed, and since detection of a transition may statistically require a very long time series and is dependent on fine points in instrumental performance and data calibration.  We have raised a number of flat and low-variability stars to the highest priority level on our observing program, to ensure that we obtain the best possible coverage for the most likely transition candidates.
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