

    


    
      Fig. A.2. 
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        K2 light curve and power spectrum for EPIC 212694561 showing the superposition of two periodic signals. Panel (a): Power spectra based on a Lomb-Scargle periodogram indicating the two periodic signals. Panel (b): Recorded light curve from K2 C06. The two small squares in the upper right show DSS2 (upper) and Kepler (lower) images around the recorded stars. The positions of the primary component, EPIC 212694561, and the secondary component, Gaia DR3 3625200307631332864, are indicated.

      

    

  
    
      Fig. A.4. 
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        Light curve and period analysis for the sample star EPIC 220332155. Panel (a) shows the K2 C08 light curves obtained from the Kepler archive (blue) and Everest (red). Both light curves show a clear double-dipping signal. The power spectra in panel (b) were calculated from a phase dispersion minimization (PDM; orange, displayed as 1 − θ) and a Lomb-Scargle periodogram (green). The rotation periods identified by RH20 (14.7 d) and us (28.9 d) are both indicated. Panels (c) and (d) show phase-folded plots based on the RH20 period and ours, respectively. In panels (a), (c), and (d), we have shifted the Everest data vertically by 0.005 units for visibility reasons. Typically, trending is pronounced in Everest data; here, it is in the shape of a downward slope.

      

    

  
    
      Fig. 11. 
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        Color-period diagram for some well-known wide binaries in the literature. These are shown in red and labeled individually (see Sect. 4.4 and Table 3.) Open cluster sequences are overplotted together with a selection of wide binaries that follow comparable behaviors (where available) with the well-known ones. The inset shows the position of alf Cen C, which extends far beyond all other systems discussed in this work. As before, open symbols denote doubles (i.e., wide binary components that are themselves binaries).

      

    

  
    
      Fig. 10. 
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        Color-period diagram and CMD for all wide binaries containing WDs. Panel a: Color-period diagram of the MS components of the wide binaries color coded according to their age groups. Panel b: Same sample of binaries shown in the CMD but connected to their WD companions (open symbols). The background gray scale distribution is of the 2.6 M stars of the EB21 sample. The MS stars with younger gyro ages (red-orange) show a slight preference to connect to the upper part of the WD sequence, while those with older gyro ages (green-blue) have a slight preference for the lower part of the WD sequence. Younger systems (age groups 1 – 3) and older systems (age groups 4 – 7) are shown with squares and circles, respectively.
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Abstract

Context. Gyrochronology enables the derivation of ages of late-type main sequence stars based on their rotation periods and a mass proxy, such as color. It has been explored in open clusters, but a connection to field stars has yet to be successfully established.

Aims. We explore the rotation rates of wide binaries, representing enlightening intermediaries between clusters and field stars, and their overlap with those of open cluster stars.

Methods. We investigated a recently created catalog of wide binaries, matched the cataloged binaries to observations by the Kepler mission (and its K2 extension), validated or re-derived their rotation periods, identified 283 systems where both stars are on the main sequence and have vetted rotation periods, and compared the systems with open cluster data.

Results. We find that the vast majority of these wide binaries (236) line up directly along the curvilinear ribs defined by open clusters in color-period diagrams or along the equivalent interstitial gaps between successive open clusters. The parallelism in shape is remarkable. Twelve additional systems are clearly rotationally older. The deviant systems, a minority, are mostly demonstrably hierarchical. Furthermore, the position of the evolved component in the color-magnitude diagram for the additional wide binary systems that contain one is consistent with the main sequence component’s rotational age.

Conclusions. We conclude that wide binaries, despite their diversity, follow the same spindown relationship as observed in open clusters, and we find that rotation-based age estimates yield the same ages for both components in a wide binary. This suggests that cluster and field stars spin down in the same way and that gyrochronology can be applied to field stars to determine their ages, provided that they are sufficiently distant from any companions to be considered effectively single. The results also suggest that the impact of metallicity variations on the spindown is likely not to be a major concern.

Key words: binaries: general / stars: late-type / stars: rotation / starspots


⋆ Full Table C.1 is only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/675/A180



1. Introduction
Wide binary systems are unique in the sense that they combine aspects of both field stars and cluster stars in an advantageous way. With field stars, they share the aspects of diversity regarding their formation and composition, the continuous and vast range of their ages, and their scattered locations across the Galaxy. And just as with cluster stars, the shared origin and coevality of the components furnishes insights not gained from an isolated star, especially with respect to stellar evolution. Thus, they provide an opportunity to connect the behaviors of cluster and field stars by asking whether an assertion that is true for one component treated as a field star is also true for the other. This duality allows us to probe beyond the limited parameter space spanned by cluster stars while still benefiting from the intrinsic consistency of the individual components. In this paper, we demonstrate an underlying connection between the rotation and age behaviors of clusters and wide binaries, thereby strengthening the possibility of deriving ages through rotation (gyrochronology) for appropriately characterized cool field dwarfs.
Reliable characterization of stars is essential to various fields of astronomy. From exoplanet hosts to stars in larger populations, understanding the star is key to understanding the system. However, a crucial parameter involved in such characterization is the rather elusive stellar age. But deriving reliable ages requires rather extensive data and cumbersome work, especially for late-type main sequence stars, which are the most frequent types of stars in the universe. The methods employed typically involve the observed correlation of one or more stellar parameters with age. However, classical stellar parameters either change very little over the course of billions of years (e.g., temperature, luminosity), can only be used reliably in young stars (e.g., Li abundance), or change systematically on long time scales while varying significantly on short time scales (e.g., activity). This imposes various limits on their applicability, especially during the long main sequence careers of cool stars, during which the classical parameters are almost constant. (For an extensive review of age dating methods see Soderblom 2010.)
Gyrochronology offers an age dating method that alleviates some of these problems, particularly on the main sequence. It exploits the observed decline in stellar rotation with age. The idea of this spindown goes back to the work of Skumanich (1972) and scattered antecedents. Subsequently, it was found that the spindown is systematically mass dependent (Barnes 2003, see also Barnes 2007). Numerous studies of stellar open clusters have since explored the spindown relationships further, including (but not limited to) the Pleiades (125 Myr; van Leeuwen et al. 1987, revisited by Rebull et al. 2016), the Hyades (650 Myr; Radick et al. 1987, revisited by Douglas et al. 2019), Praesepe (700 Myr; Agüeros et al. 2011, revisited by Douglas et al. 2017 and Rampalli et al. 2021), NGC 6811 (1 Gyr; Meibom et al. 2011; Curtis et al. 2019), NGC 6819 (2.5 Gyr; Meibom et al. 2015), Ruprecht 147 (2.7 Gyr; Gruner & Barnes 2020; Curtis et al. 2020), and M 67 (4 Gyr; Barnes et al. 2016; Dungee et al. 2022; Gruner et al. 2023).
Taken together, the defined mass dependence of rotation at the age mileposts provided by clusters defines a skeleton of rotational evolution, enabling the ages of non-cluster stars to be read off by comparison with that skeleton, regardless of the details of spindown of stars of differing mass. For additional context, readers may refer to Chap. 5 in Basri (2021). Although such studies have shown that the underlying spindown relation is more complex than originally thought, the fact that all (late-type main sequence) stars populate a single surface in mass-age-rotation period space remains true, a fundamental underpinning for gyrochronology. Recently, Fritzewski et al. (2020) have provided some evidence for the universality of the relation by finding that the rotational distributions of five roughly coeval (125 Myr) clusters – NGC 2516, Pleiades, M 35 (Meibom et al. 2009), M 50 (Irwin et al. 2009), and Blanco 1 (Cargile et al. 2014) – are essentially indistinguishable. Such similarity was also observed at around 2.5 Gyr for NGC 6819 and Ruprecht 147 by Gruner & Barnes (2020).
What is missing is a robust connection to field stars. As a first step to building this connection, we need to establish that the spindown relation observed in open clusters holds for much more diverse field stars as well. While this appears to be likely, it still requires verification. Exploring this with individual field stars returns us to the original problem that field star ages are difficult or even impossible to derive by other methods. But we can investigate a different option – one that embodies the middle ground between open clusters and individual field stars, namely, wide binaries.
In certain significant ways, genuine wide binaries constitute the smallest possible open clusters. They are composed of stars born at the same time from the same molecular cloud1. As such, they have the same age and metallicity – the very advantage leveraged by cluster work – although the precise values may not be known to us. Furthermore, their spindown should have (in a mass-dependent sense) progressed to an equivalent point. Unlike stars in close binaries, the two components of a wide binary are distant enough to be spatially resolved. This distance also means that the components have not interfered in each other’s evolution (e.g., by tidal interactions). The rotation periods of cluster stars have already been shown to define certain mass-dependent patterns, with each cluster forming the rib of a skeleton that defines how rotation changes with both mass and cluster age. In this work, we show that wide binary stars follow the same skeleton defined by cluster rotational evolution and thereby allow an important rotational connection between clusters and field stars to be recognized. We note that though we compare wide binaries with open clusters, wide binaries are generally not present within clusters (Deacon & Kraus 2020). In this sense, they are truly field stars.
This idea has been explored before, although perhaps not as definitively as we are able to do in this paper. Barnes (2007) demonstrated that the components of the wide binaries ξ Boo AB, 61 Cyg AB, and α Cen AB have consistent gyro ages while finding deviations for 36 Oph ABC. Mamajek & Hillenbrand (2008) expanded this list with wide binaries whose rotation periods were estimated from their activity level to compare them with their proposed spindown description. Overall, they found reasonably good agreement between their predictions and the measured periods. However, there were numerous deviations that were enough to cast reasonable doubt on the validity of the fundamental assumptions. Nearly a decade later, Janes (2017) used Kepler data for wide binaries to compare their rotational behavior with extant spindown descriptions. His findings echoed those of Mamajek & Hillenbrand (2008), and the overall trends appeared to be plausible, but a significant number of binaries deviated from the predictions. Janes’ work identified a number of “complexities”, such as the redder stars rotating faster, which was something unexpected at the time. Updated samples (Janes 2018, 2019) did not help overcome these difficulties. Recently, Silva-Beyer et al. (2023) have followed up with another comparison that traced similar steps based on different, more recent spindown descriptions and again arrived at similar, albeit generally more optimistic, conclusions.
Taking wide binary coevality and the validity of gyrochronology somewhat at face value, Deacon et al. (2016) briefly touched on the topic based on the Mamajek & Hillenbrand (2008) description, finding their own results to be on the same level of agreement (see their Fig. 11). Similarly, Otani et al. (2022) devised a method to compare the accuracy of commonly used spindown models regarding their ability to estimate ages for stars in wide binaries. Finally, Pass et al. (2022) explored fully convective M-dwarfs with the help of wide binaries to constrain their spindown evolution.
The prevailing impression conveyed by prior wide binary work is that while a large fraction of wide binaries confirm expectations, a substantial number do not. The latter create doubt about the generality of spindown and the validity of gyrochronology. However, there is a common denominator in these studies: all of them compared wide binaries to prescriptions of spindown models rather than directly to open cluster observations. (To a certain extent, they had no choice since relevant observations were either sparse or unavailable, especially toward older ages.)
We argue that such a comparison is flawed in principle, as recent open cluster studies (Gruner & Barnes 2020; Curtis et al. 2020; Dungee et al. 2022; Gruner et al. 2023) have shown that the spindown of older cluster stars deviates strongly from the predictions (which were extrapolated from younger ones). And even among younger clusters, the degree to which the models reproduce the observations is questionable. Consequently, comparing a model that is not able to describe the clusters at a given age to wide binaries is not particularly instructive. Therefore, we present a study that mitigates the effects of inadequate spindown models by directly comparing observations alone, that is, open clusters to wide binaries.
This paper is structured as follows. In Sect. 2, we describe the construction of our wide binary sample, the open cluster data used, and the framework for the subsequent comparison. This part includes the (re)derival or validation of rotation periods, with illustrative examples of identified issues detailed in Appendix A. The comparison between wide binaries and clusters is carried out in Sect. 3, and the results are further dissected in Sect. 4, followed by some conclusions in Sect. 5.
2. Sample construction and setup
This section describes the assembly of the relevant data and the manner of preparing them for the subsequent analysis. Our approach was enabled by three developments: (1) the availability of the cluster skeleton for FGKM stars out to 4 Gyr (the age of the M 67 cluster); (2) the availability of a large sample of wide binaries from Gaia astrometry; and (3) the availability of space-based photometry from the Kepler and K2 space mission (Borucki et al. 2010; Howell et al. 2014), enabling the rotation periods of many of these wide binaries to be determined. The base data consist of a sample of wide binaries with vetted rotation periods, a significant number of them were re-derived, and of a set of open cluster stars with known rotation period measurements.
2.1. Wide binary sample
We begin with the wide binary catalog of El-Badry et al. (2021, EB21 hereafter). They assembled a list of 1.3 million wide binaries based on Gaia EDR3 (Gaia Collaboration 2020) astrometry of stars within 1000 pc. This sample overlaps to varying degrees with those of Mamajek & Hillenbrand (2008), Janes (2017, 2018, 2019), and Silva-Beyer et al. (2023). They followed a cautious approach in their assembly, dismissing doubtful systems from their sample and providing a list with only high probability wide binary pairs. EB21 also removed stars appearing in multiple binaries and conducted a dedicated search for and elimination of stars in clusters and groups. This ensured that there would be no overlap between our wide binary sample and open cluster stars. (A significant part of the open cluster sample we make use of in our work is based on Kepler and K2 data.) However, this also means that we lost genuine resolved triple systems – these systems may benefit from a similar, separate future investigation as performed here. Furthermore, the sample has also likely lost a certain number of genuine binaries that suffered chance alignments with more distant tertiaries. Overall, this precaution reduced the sample size, depriving us of a number of genuine systems. However, we ourselves favor a rather exclusive approach to an inclusive one in constructing our sample, for which we require excellent reliability. Therefore, we are fully aligned with the approach of EB21.
The step-by-step process of assembling our sample is illustrated in Fig. 1 and detailed below. We updated the stellar parameters of the EB21 sample with Gaia DR3 (Gaia Collaboration 2023, GDR3 hereafter) measurements. Because the faintest stars often do not have GBP and GRP magnitudes, we dismissed those stars from the sample. Furthermore, based on GBP − GRP and G − GRP, we removed stars whose color-magnitude diagram (CMD) positions are inconsistent to avoid stars with problematic photometry. GDR3 includes a match to The Two Micron All Sky Survey (2MASS; Cutri et al. 2003) catalog, which we adopted as is. We note that the GDR3 match to 2MASS is not perfect. There are numerous binaries where both component GDR3 sources have been matched to the same 2MASS source; again, we dismissed such binaries from our sample.
	[image: thumbnail]	Fig. 1. Flowchart visualizing the steps of the wide binary sample selection process detailed in Sect. 2.1. (WBs = wide binaries)



Based on the 2MASS identifiers, we looked up the stars in the Kepler Input Catalog (KIC; Kepler 2009) and the K2 Ecliptic Plane Input Catalog (EPIC; Huber et al. 2017). In turn, those catalog counterparts were used to match stars to their Kepler and K2 archive light curves and to find them in the rotation period samples of McQuillan et al. (2014, MQ14 hereafter; ∼34 000 rotation periods from Kepler) and Reinhold & Hekker (2020, RH20 hereafter; ∼30 000 rotation periods from K2). We note that while RH20 report individual periods for each K2 campaign a particular star was observed in, those periods can be inconsistent2. In case of multiple reported periods for a given star, we adopted the one with the highest normalized peak3. Here, we only retained wide binaries for which at least one star has an associated light curve. This procedure provided us with a sample of 12 202 wide binaries (24 404 stars, with 9126 from Kepler and 15 278 from K2). Only a minority of these stars (3334, with 1869 from Kepler and 1465 from K2) have a reported period. Those stars belong to 3124 wide binaries, with 210 of them being systems for which both stars have an identified rotation period.
One of the criteria we demanded for this work was the validity of the rotation periods used. This encouraged us to inspect the periods in some detail. It soon became obvious that a certain fraction of the rotation periods reported in MQ14 and RH20 are not as reliable as we had hoped. We identified problems that render a reported rotation period unusable. These issues appear to originate in one of two sources: (1) from light curve creation – here there is cross contamination from nearby stars (removes 131 periods); and (2) from period detection – here there is misidentification of non-periodic variability and/or remaining data systematics as a periodic signal (removes 65 periods). We illustrate these problems in more detail in Appendix A. These issues led us to manually inspect all stars, along with their on-sky surroundings, their periods, and light curves, in our sample to either verify (ΔProt ≤ 10%, 3086 stars), adjust (ΔProt > 10%, 52 stars), or altogether dismiss (196 stars) the previously reported rotation periods. This inspection involved a comparison with light curves from similar4 stars in the surroundings to identify common trends. The K2 targets were found to be particularly affected by this issue. For this process, we downloaded the Kepler and K2 light curves for all relevant stars. Where available, we used the K2 Systematics Correction5 (k2sc; Aigrain et al. 2016) and EPIC Variability Extraction and Removal for Exoplanet Science Targets6 (Everest, Luger et al. 2016, 2018) light curves for additional validation. We also inspected the immediate surroundings of a star for crowding relative to the comparatively low spatial resolution of Kepler. When the origin of the observable variability was in doubt, we rejected the star from our sample.
We were also able to add rotation periods that had not been identified in MQ14 or RH20 for an additional 229 stars (127 from Kepler and 102 from K2). These were derived using procedures described in detail in Gruner et al. (2023, GBW23 hereafter). We note that we suppressed the period errors in all figures for visibility reasons. However, they are listed in Table C.1. Typically, the error is Perr ∼ 0.1Prot.
We thus arrived at a sample of 3367 stars with rotation periods that belong to stars in 3075 wide binaries. Of our sample of wide binaries, 283 are composed of two main sequence stars where both have rotation periods. Figure 2 illustrates their distribution in the color-period diagram (CPD), and Table C.1 lists an excerpt of our full sample. The figure helps to visualize the different emphases of the Kepler and K2 missions: Kepler favored G-type stars, whereas K2 emphasized redder spectral types. However, in all subsequent matters, we do not distinguish between Kepler and K2 targets, and we treat them as equivalent.
	[image: thumbnail]	Fig. 2. Our wide binary sample split into the Kepler field and K2 subsamples. The two components of each binary are connected by straight lines. The Kraft break (beyond which more massive stars lack an outer convective envelope and thus do not experience significant magnetic braking) and the boundary between partially convective and fully convective stars are marked. Unfilled symbols indicate the main sequence components of wide binaries that contain evolved stars, which typically do not have measured periods.



There are of course a large number (2783) of additional wide binaries for which only one of the component stars has a measured rotation period. The majority of these are composed of two main sequence (MS) stars. The periods for these stars lie in the same regions of the CPD as our sample, but the absence of a companion period prevented us from making an effective comparison between the two7. Accordingly, we did not consider them further in this work. However, there is a certain type of wide binary system with only one period that retained interest for us, namely, those where the star without a period is somewhat evolved. In such cases, the stars have left the main sequence, and their positions in a CMD correlate strongly with their ages. This means that the evolved component in these systems can help us verify the (rotation period-based) age of the non-evolved MS component. We address the 89 systems that fall under this case separately below. For seven systems, the evolved stars have rotation periods in addition to the main sequence components, but we lumped them together with the other systems that contain an evolved component here. The process described above left us with 372 wide binaries for further investigation.
We note that we did not have a consistent source of reddening estimates for the wide binary stars, as the values reported in GDR3 were also rather unreliable. Therefore, we were left to use the reddened colors and carried out the comparison with this caveat in mind. Curtis et al. (2020) have shown that the median reddening for the Kepler field stars is E(B − V) = 0.04 mag kpc−1. Given that our sample is fully within 1 kpc, it is unlikely that reddening is a significant issue here.
2.2. Open cluster data
We next discuss how we constructed a comparison sample based on the open cluster work currently available. The rationale for this approach was our desire to be guided by the data alone, where possible, instead of performing a comparison between the wide binaries and models of rotational evolution, as has been typical in prior work. Our task was enabled by recent work, including our own, in older open clusters that was unavailable before. In particular, we investigated the following question: If one component of a wide binary has a rotation period that places it on the rotational sequence of a cluster, is it likely that the other component is also on the cluster sequence? Curiously, this appears to be extremely likely, and this motivated us to create a set of groups that roughly trace out the cluster sequences and allow the binaries to each be associated with a particular cluster, a group of clusters, or the inter-cluster regions between them8.
We selected a number of open clusters ranging in age from the zero age main sequence (ZAMS) to 4 Gyr as our comparison sample. They are listed in Table 1. This sample was intended to cover the age and color range rather than to be complete with respect to the specific open clusters covered or to studies of the listed clusters. Nonetheless, it is sufficient for illustrating the cluster sequences at a given age to the extent of current availability in the literature. Overlap between different studies on the same open cluster are permitted, and we did not remove stars that occur more than once in the sample. From each source catalog, we only adopted the rotation period and the identifiers used for the stars and matched all to GDR3. This resulted in a consistent set of photometry for all wide binaries and open clusters. The accumulated data for 12 open clusters is shown in panel a of Fig. 3.
	[image: thumbnail]	Fig. 3. Color-period diagrams for our sample of open cluster stars. Panel a: All the stars from our open cluster compilation (cf. Table 1). Panel b: Same stars but overplotted with a manual indication of the sequences followed by stars of the same age (the cluster sequences), with slow and fast rotator sequences where available. Panel c: How cluster sequences and inter-cluster gaps were used to divide the continuous space of the CPD into groups 1–7 (cf. Sect. 2.3). Stars, sequences, and groups are all color coded by age (see color bar in panel b, based on the cluster ages in Table 1). The Sun is shown with its usual symbol. As in Fig. 2, vertical gray lines indicate the Kraft break and the fully convective boundary.



Table 1. 
Overview of the open cluster sample.

We obtained the E(B − V) reddening for each cluster from the compilation of Dias et al. (2021) and calculated the reddening in Gaia colors via the prescription of Casagrande & VandenBerg (2018):
[image: thumbnail](1)
In all matters, we always used dereddened colors for the cluster stars.
We note that we did not subject the stars from the open cluster sample to the same scrutiny as the wide binary stars. There are outliers in the individual cluster samples, but the very fact that we can identify them as outliers is already telling, as the clusters are defined well enough that outliers are actually visible. It is those sequences themselves that we ultimately compared our wide binaries to.
In panel b of Fig. 3, we have drawn fiducial lines by eye through the cluster sequences. Keeping in mind that there is a continuous color-period space (or color-age space), we have distinguished the cluster age groups with different colors in this figure (cf. panel c) and in the following ones. Groups 1, 2, 4, and 6 are associated directly with the open cluster sequences (see Table 1 and Sect. 2.3 for details). Because of the large age gap between the clusters, we have inserted additional groups. Group 3 was placed in the gap between Praesepe/NGC 6811 (2) and NGC 6819/Ruprecht 147 (4), whereas group 5 was placed between NGC 6819/Ruprecht 147 (4) and M 67 (6). Finally, we added a group (7) for wide binary systems older than M 67. The result is effectively a stratification of what is actually a continuous distribution of stars in the color-period space (cf. panel c of Fig. 3). However, as with certain other groupings of continuous distributions into discrete bins9, there seems to be a distinct benefit to the grouping, as we show below.
2.3. Grouping of the open cluster distribution
We defined the set of seven age groups in the CPD whose mass-dependent range is dictated by the open clusters, including the sequences themselves and the intervening gaps. The definitions of the groups are detailed in the following paragraphs.
Group 1 contains main sequence clusters younger than 500 Myr. These clusters contain significant numbers of stars occupying the fast rotator sequence. The group incorporates the ZAMS clusters Pleiades, Blanco 1, NGC 2516, M 35, and the roughly 300 Myr-old cluster NGC 3532.
Group 2 includes clusters with ages ranging from 0.5 Gyr to 1 Gyr, thereby containing Hyades, Praesepe, and NGC 6811. The fast rotators in these clusters (with the exception of M-dwarfs) have converged to the slow rotator sequence.
Group 3 ranges from (above) 1 to (below) 2.5 Gyr and marks the first inter-cluster gap in the cluster distribution. Only NGC 752 is available for this group, but it barely contains any stars with known periods to define a sequence10.
Group 4 covers the 2.5 Gyr to 2.8 Gyr region and contains the more evolved clusters NGC 6819 and Ruprecht 147.
Group 5 spans the age range from (above) 2.8 Gyr to (below) 4 Gyr and marks the second inter-cluster gap. No open cluster study in this age range is currently available.
Group 6, around an age of approximately 4 Gyr, is formed solely by the oldest open cluster studied with respect to rotation: M 67.
Group 7 includes all wide binaries likely older than 4 Gyr where no open cluster has been explored to date.
Panel c of Fig. 3 shows the (approximate) ranges covered by these groups in comparison with the open cluster data. We acknowledge some leeway in the group stratification. For instance, age group 6 was set around 4 Gyr but also includes the Sun (4.56 Gyr; Amelin et al. 2002, see also the CPD position of the Sun in comparison with the width of M 67 sequence). There is also some overlap in the CPD among the fast-rotating stars.
3. Grouping the wide binaries
In this section, we compare the distribution of rotation periods as seen in the wide binaries with the age groups we have defined based on the open clusters. We wished to investigate the consistency between the wide binary components with respect to the groups and explore the agreements and deviations. There is one caveat in this comparison; while the colors of the clusters are dereddened, the colors of the binary stars are not, and they are subject to an unknown amount of reddening. This effect is likely small for most stars, but it could affect the grouping of the more distant or the bluest stars in our sample (due to the strong color dependence of the cluster rotational sequences for GBP − GRP < 0.8 mag). The comparison below was carried out with this in mind, occasionally permitting equal reddening for both binary components to be considered consistent.
First, we assigned each wide binary to one of our age groups. For this procedure, we designated the stars of the individual wide binaries as the leading (L) and trailing (T) components. The L component was placed in the CPD and assigned to a group based on its GBP − GRP color and period Prot. With that, we essentially used gyrochronology and assigned it a gyro age, an age based on its rotation period and color, albeit a rather rough one. The choice of which star in a particular wide binary was designated as L was based on which star had a CPD position that allowed for a better estimation of the age (group). Furthermore, we avoided stars in a somewhat evolved state and, when possible, very fast rotating stars. Typically, this meant that we adopted the star whose color is in the range 0.8 < GBP − GRP < 1.8 since the age groups allow for the best distinction in that region. Crucially, we avoided late-F and early G-stars as leading components because of the strong color dependence in this region and the (likely small) uncertainties arising from the unknown reddening.
Figure 4 illustrates this process on a few selected wide binary pairs. Encircled stars mark the L component for the selection process. We note that wide binary systems were selected for the figure to allow good visualization. This means we selected L components of similar colors that span several age groups and connect to different areas of the CPD. This selection essentially covers the diversity of the systems we found.
	[image: thumbnail]	Fig. 4. Color-period diagram defining age groups (colored regions) and illustrating the classification of our wide binaries. Color coding roughly follows Fig. 3 and corresponds to the cluster stars plotted in the background (small dots). Age group numbers (1–7) correspond to Table 1. Eleven sample wide binaries are overplotted. Red circles indicate binaries agreeing with the slow rotator sequences, green squares are those containing a fast rotator, and blue boxes mark those altogether disagreeing with the cluster behavior. Stars of each wide binary that were preferentially used to assign them to an age bin (i.e., the L components) are outlined in black. The dashed line denotes the approximate boundary used to distinguish between fast and slow rotators (cf. the sequences indicated in panel b of Fig. 3). The systems plotted are listed in Table C.1.



When all L components were set, we could then take the T components, place them in the CPD, and see how their locations compared with the age groups assigned to the L components. Depending on the result of this comparison, we classified the wide binary pair itself as either S, F, or C, depending on the content11. For the classification of binary systems composed of two MS stars, each with a listed rotation period, we used the criteria described in the following paragraphs.
If T falls reasonably well on the slow rotator sequence in the same age group as L, we marked the whole system as S. Such systems are shown with connected red circles in Fig. 4.
If T is located where the open clusters matching L’s age group indicate a fast rotator population, then we classified the system as F. All of these binaries are from age groups 1 and 2 because only such clusters have a population of fast rotators. Such systems are shown with (connected) green squares in the figure.
All other systems, meaning those whose T components are main sequence stars and do not fall in a region that is populated by cluster stars of L’s age group, were classified as C. They are indicated with connected blue boxes in Fig. 4.
Age group 7 is special in that there are no cluster predictions and it contains all systems that are arguably older than age group 6 (4 Gyr). Since we could not fully classify systems in this group, all systems in group 7 were designated as S. However, we note that we later investigate these systems separately in Sect. 4.3.1. Exceptions to this classification were obvious contradicting systems that contain one star in age group 7 and one in another group. Such instances were accordingly classified as C.
Several systems in age groups 1 and 2 are composed of two fast rotators and were thus classified as F.
We note that it is more difficult to identify rotationally deviant component stars in wide binaries as compared with clusters where the sheer numbers of other stars on the slow rotator sequences make outliers stand out.
Systems whose T component is not a main sequence star but has evolved past it were classified based on T’s state. If T is a (sub)giant of any kind, the system was marked as E, and if T is a white dwarf (WD), it was marked as W (cf. footnote 11). Neither is displayed in the figure. With that, we classified MS+MS systems (which are the interesting ones for a direct cluster comparison) based on the CPD positions of the components, whereas we classified all other systems based on the CMD position of the components.
Table 2 gives an overview of the numbers of wide binary systems that fall into all the aforementioned classes. The wide binary systems are also resolved by age group in the table. Table C.1 correspondingly includes a column that lists the class assigned to each wide binary system. Following our definition of the classes, all systems labeled as S or F agree with the open clusters (except those in age group 7, which are beyond); those labeled C are contradictory. Figure 5 displays the distribution of wide binaries separated into the individual age groups 1–7 and also distinguishes them by class. In Sect. 4, we explore the patterns and distributions that emerged from the grouping and classification in detail. The commonalities are illustrated in Sect. 4.1, whereas the disparities are investigated in Sect. 4.2. Age group 7 and classes E and W are discussed separately in Sect. 4.3.
	[image: thumbnail]	Fig. 5. Color-period diagrams for six age groups shown in order of age (left to right, top to bottom). The gray dots are open cluster stars, and cluster stars of the same age group are highlighted. Components of wide binaries are connected by lines and overplotted. Red circles indicate those agreeing with the slow rotator sequences (S), green squares are those connecting to a fast rotator (F), and blue boxes are those altogether disagreeing with the cluster behavior (C). Open symbols denote doubles (i.e., wide binary components identified as binaries themselves). Numbers in the upper-left corner of each panel enumerate the binaries in that age group, distinguished by class (see color coding). Numbers in parentheses indicate how many of these are hierarchical (i.e., where a component itself is a binary). The Sun is shown with its usual symbol. As in Fig. 2, vertical gray lines indicate the Kraft break and the fully convective boundary.



Table 2. 
Population of wide binary systems within the individual age groups.

4. Discussion
In this section, we examine how our binary sample compares with the open clusters (Sect. 4.1). We investigate outliers and identify probable causes for any deviations (Sect. 4.2). Generally, a remarkable agreement between the wide binaries and open clusters is found. We follow up (Sect. 4.3) with a closer look at the wide binaries that either exceed the age range of the open clusters or for which one component is an evolved star.
4.1. Systems in agreement with open clusters
We found that a vast majority (193 S and 43 F) of the wide binary systems agree with the cluster sequences. Only a small fraction (38 C) does not. This means that 236 out of 274 total (MS+MS, excluding group 7) wide binary systems agree well with the cluster predictions. They agree even to the extent that they follow the sinusoidal shapes of the sequences from the old clusters; they connect along and often across the peaks and troughs in the color dependence. The fact that the wide binaries agree with the clusters holds both for two very similar component stars (which tend to have very similar periods) and for two very different components (which may or may not have two very different periods). The above statements hold across all the age groups, from the youngest to 4 Gyr (and likely beyond). The number of contradictory systems is relatively constant across the groups, except for age groups 1 and 2, where there is not really one sequence and deviations are not apparent.
Age group 2 contains the largest number of wide binary systems in our sample. This is likely a consequence of its youth and the presence of the fast rotators, as both make it relatively easy to detect rotation periods. There is a clear transition from group 1 to group 2, seen both in open clusters and in wide binaries, of the fast rotator population moving redward. The remaining blueish (GBP − GRP < 2.0) fast rotators in group 2 are low in number, and all of them show signs of binarity.
Age group 3 lies in the gap region between clusters of ages 1 Gyr and 2.5 Gyr. It is notable that the wide binaries here seem to slot in perfectly between these two cluster populations, with a certain amount of (understandable) overlap only among the bluest stars, where distinguishing age groups is inherently difficult.
Age group 4 is the most striking of our sample. It contains wide binary systems that are directly comparable with the 2.5 Gyr-old clusters NGC 6819 and Ru 147. Its stars range in color from close to the Kraft break to early M-dwarfs, in certain cases even within the same wide binary system. It is in this age group that we found the most impressive agreement between wide binaries and open clusters, as stars connect across large color ranges and fall on the same cluster sequence.
Age group 5 lies in the unpopulated region between clusters of ages 2.5 Gyr and 4 Gyr. As such, it resembles systems in group 3. It is relatively sparsely populated compared to younger groups, and it shows a significant amount of scatter. However, this feature is partially by design. This group includes all the binaries that cannot be clearly associated with groups 4 or 6.
There is an apparent shift in population from the younger to the older groups regarding the color range populated by the corresponding wide binaries. With increasing age, the numbers begin to favor K-type stars instead of G-type stars. This is likely a consequence of the reduced variability shown by aging G-type stars, which makes them more difficult to detect in comparison with K and M spectral types.
To summarize, we found that the vast majority of MS + MS wide binary systems agree with the individual cluster sequences and our corresponding age groups. The age groups represent a series that changes with age, albeit a rather rough one. In Fig. 6, we fitted the groups back together. We reduced the systems plotted to the 236 agreeing ones (i.e., classes S and F) and add the nine systems from group 7. The wide binaries form a clearly layered structure12. Despite the significant scatter in certain regions of the CPD, the individual age groups are clearly separated in our wide binary sample.
	[image: thumbnail]	Fig. 6. Color-period diagram showing the close agreement between the open cluster sequences and the wide binaries split into distinct age groups. The color coding follows the designation of the groups in Fig. 3 (see also “Age group” labeling). The open cluster sequences are overplotted with relevant colors. Only systems classified as S and F are shown. Again, open symbols denote stars identified as doubles.



A recent study by Bouma et al. (2023) recommends interpolating directly between clusters to estimate ages for stars in a slightly different but related way. They used the effective temperature Teff and rotation period Prot to estimate an age probability distribution. In Appendix B, we apply their software to our wide binary sample by estimating Teff from the GBP − GRP color of the stars. The calculated ages (including errors) and the temperature estimates are included in the electronic version of Table C.1. We found reasonable agreement between the calculated ages and our group affiliations despite the fact that we might sort a given binary into another group based on either the joint behavior or preference for the leading companion in the system (cf. upper panels of Fig. B.1). In fact, the ages for the components of our systems lying consistently on the slow rotator sequence (i.e., class S) both correlate strongly (r = 0.94) with each other and have a relatively small dispersion 1σ = 0.28 Gyr (cf. lower panel of Fig. B.1). This corroborates the assumed coevality of wide binary stars and demonstrates that age estimates based on a star’s color and rotation period can provide consistent results when used carefully. To a good approximation, one may adopt the mean age for the class S wide binary components as the age of the system.
4.2. Systems contradicting the open clusters
A big obstacle to definitive conclusions in prior work was the large number of systems that did not behave as expected. Therefore, we took a closer look at our outliers (i.e., those systems where components do not agree with what the open clusters define). We first highlight the quantity and distributions. In our total sample of 274 wide binaries (MS + MS, excluding group 7), we found 38 pairs (∼14%) that do not agree with the open clusters. This fraction is already lower than what was observed in previous works (e.g., Mamajek & Hillenbrand 2008 and Silva-Beyer et al. 2023). Furthermore, unlike Silva-Beyer et al. (2023), we do not see an increase in disagreement for the (presumably) older systems. We believe that this difference is a consequence of the nature of the comparison (i.e., comparing observations to observations rather than to models) because the models get worse for older ages (see their Fig. 2, for example).
4.2.1. Hierarchical systems
GBW23 has shown that at the age of M 67, it is exceedingly more likely than not that a star that shows signs of binarity (even only photometric binarity) is not suitable for gyrochronology, as it is likely to exhibit a contradictory rotation period in the se