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Abstract

Context. With the advent of extreme precision radial velocity (RV) surveys, seeking to detect planets at RV semi-amplitudes of 10 cm s−1, intrinsic stellar variability is the biggest challenge to detecting small exoplanets. To overcome the challenge we must first thoroughly understand all facets of stellar variability. Among those, convective blueshift caused by stellar granulation and its suppression through magnetic activity plays a significant role in covering planetary signals in stellar jitter.

Aims. Previously we found that for main sequence stars, convective blueshift as an observational proxy for the strength of convection near the stellar surface strongly depends on effective temperature. In this work we investigate 242 post main sequence stars, covering the subgiant, red giant, and asymptotic giant phases and empirically determine the changes in convective blueshift with advancing stellar evolution.

Methods. We used the third signature scaling approach to fit a solar model for the convective blueshift to absorption-line shift measurements from a sample of coadded HARPS spectra, ranging in temperature from 3750 K to 6150 K. We compare the results to main sequence stars of comparable temperatures but with a higher surface gravity.

Results. We show that convective blueshift becomes significantly stronger for evolved stars compared to main sequence stars of a similar temperature. The difference increases as the star becomes more evolved, reaching a 5× increase below 4300 K for the most evolved stars. The large number of stars in the sample, for the first time, allowed for us to empirically show that convective blueshift remains almost constant among the entire evolved star sample at roughly solar convection strength with a slight increase from the red giant phase onward. We discover that the convective blueshift shows a local minimum for subgiant stars, presenting a sweet spot for exoplanet searches around higher mass stars, by taking advantage of their spin-down during the subgiant transition.
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1 Introduction
Convection in stars that have evolved off the main sequence (MS), namely subgiants (SG), red giants (RG), and stars on the asymptotic giant branch (AGB), is a very important factor in their further evolution as well as for their observed properties and overall observability. That is because, as a star leaves the MS, it strongly increases in radius and so does the proportion of the star that is part of the convection zone (Hekker & Christensen-Dalsgaard 2017). Consequently, understanding the structure, strength, and evolution of convective motion in evolved stars is of very high importance to understand post-MS stellar evolution as a whole. Stellar structure simulations predict strong changes in the relative convection zone depth for later evolutionary stages, leading to overall deeper elemental mixing and eventually the so-called dredge-ups where freshly fused elements get transported all the way to the surface. Furthermore, the convective surface structure changes fundamentally (Mathur et al. 2011; Magic & Asplund 2014). This can be observed as a deviation from the well-known solar granulation pattern of thousands or millions of small granules for MS stars to only a few, massive granules (Schwarzschild 1975; Trampedach et al. 2013), potentially spanning over a quarter of the visible surface on red giants (Paladini et al. 2018). Observationally, this is of high importance because convective granulation leads to the phenomenon of convective blueshift (Dravins 1987, CBS,). This is a result of the flux imbalance between large, hot granules and smaller, cooler intergranular lanes. The larger influence of the upward moving material inside granules due to their higher spatial and flux weighing overcompensates for the contribution of the intergranular lanes. Projected onto the line of sight toward the observer and integrated over the visible stellar disk, this results in an overall blueshift of the observed spectral lines. The strength of CBS varies with time, as the granulation pattern evolves and can differ significantly between stars that have different convection strengths and structures.
Besides the obvious reasons for there being interest in post-MS stars from stellar evolution and structure research, they are of interest to exoplanet researchers as well (Saunders et al. 2022). For one, the distribution of planets and their orbits around evolved stars provides insight into the fate of planets when compared to their younger MS counterparts. From the observed differences, it is possible to infer details as to the orbital decay due to tidal forces and improve the models for planetary system evolution (Villaver & Livio 2009; Grunblatt et al. 2018). It is also expected that the key to the discovery of the mechanism behind inflated gas giants may be found within evolved stellar systems (Lopez & Fortney 2016), because the most prominent explanations give distinguishably different predictions primarily in these surroundings (reinflation: Grunblatt et al. 2017 vs. delayed cooling: Batygin & Stevenson 2010; to give just two examples). Lastly, the spin-down experienced during the subgiant phase significantly lowers the projected rotational velocity of the evolved stars. This allows one to hunt for planets around stars whose fast rotation during the MS phase inhibits or outright prohibits the detection due to rotational spectral broadening and high activity levels with spectroscopic methods (Lloyd 2013). The question about the relation between the planet occurrence rate and host star mass, which appears to show a correlation (Bowler et al. 2010), heavily depends on this.
Unfortunately, not many planets have been found to date around evolved stars, accounting for only ~3% of all exoplanet candidates (150 Takarada et al. 2018, 135 Döllinger & Hartmann 2021; out of 4900 confirmed planets1). Two reasons for this are the strong focus on exoplanet searches around solar-like rather than evolved stars and the difficulties involved with high-precision studies of giant stars. While stellar activity and related jitter decreases from spin-down during the subgiant phase, convection, granulation, and related effects become much stronger due to the fundamental changes in stellar structure (Luhn et al. 2020; Bastien et al. 2013). Similarly, stellar oscillations become much stronger over the post-MS evolution as predicted by the scaling relations from Kjeldsen & Bedding (1995), among others. From an amplitude of ~20 cm s−1 and a period of ~5 min for the Sun this can increase to tens of meters per second and multiple days for highly evolved stars, making it a much bigger obstacle than for MS stars (Chaplin et al. 2019).
Besides that complication, Haywood et al. (2016) have already classed granulation on its own as the biggest problem for MS planet searches. Its effects cannot be mitigated sufficiently through longer integration time or coaddition, cannot be recovered through photometric-spectroscopic synergies, or correlations with spectroscopic activity indicators. The latter is because the correlations between the classical indicators and convective blueshift variations are too weak (see their Fig. 10 for examples). Instead Haywood et al. (2016) suggest the use of the unsigned magnetic flux, which they derived from SDO HMI magnetogram images, as a more direct proxy of the CBS variability. As this quantity is very hard to determine for other stars with a reasonable degree of confidence, and since one is interested in changes in CBS itself, a better approach might be to measure those changes directly and thereby circumvent the need for well correlated proxies. In our previous paper, Liebing et al. (2021), we describe a method to do this in a robust and purely empirical way. Using the described technique, we find that CBS in early G-type dwarfs like our Sun is roughly 4–5 times stronger than for mid-K types and increases with the third power of the stellar effective temperature after a plateau for late K-dwarfs. This leads to a matching strength increase for CBS related effects that currently prevent the detection of true Earth-twins (Meunier et al. 2015) and limit our detection capabilities for Earth-mass planets to late type stars. For evolved stars the problem is even more extreme due to their fewer, larger granules, increased contrast to the intergranular lanes (Trampedach et al. 2013), and more massive starspots that inhibit convective motion. All this comes together to form a “flicker floor” that increases with decreasing surface gravity (Bastien et al. 2013). Therefore, a better understanding of convective granulation on evolved stars on an empirical level is paramount to the resolution of all these questions, even more so than for MS stars.
Solving this problem is especially important in the face of the massive amounts of data that have become available from past and current space missions, for instance Kepler/K2 and TESS, and will become available from future missions such as PLATO. While not dedicated toward evolved stars, the observation fields still contain tens of thousands of them that we can not exploit until our current inability to properly account for their intrinsic variability has improved.
With this motivation, we seek to measure the CBS strength for post-MS stars in the subgiant, red giant, red clump or horizontal branch, and asymptotic giant branch phases and thereby provide empirical convection strengths, as we did in Liebing et al. (2021) for MS stars.
2 Data and processing
In this paper we extend our work on a sample of HARPS spectra from Liebing et al. (2021), called Paper I from here on, from the main sequence to the previously excluded post-MS regime. To that end, we apply the technique from Paper I, summarized in Sect. 3, to the previously excluded sample of stars and supplement with a sample of spectra from the PEPSI spectrograph for comparison. Further, we determine the evolutionary stages of the post MS stars from the sample to better interpret the results.
2.1 Observations
The primary data set behind this paper and Paper I was compiled by Trifonov et al. (2020), who collected, sorted, and filtered all publicly available spectra from the HARPS2 spectrograph, a fiber-fed, cross-dispersed echelle spectrograph with a resolving power of R=115 000. HARPS spans the range between 380 nm and 690 nm over 72 echelle orders. It is housed in a temperature stabilized, evacuated chamber at the 3.6 m telescope at La Silla, Chile and is capable of reaching a precision of 1 ms−1 (Mayor et al. 2003). Trifonov et al. (2020) coadded all available spectra that belong to the same object with the SpEctrum Radial Velocity AnaLyser code (serval, Zechmeister et al. 2018) which also provides radial velocities (RVs) from matching the coadded spectra as templates to the individual observations. Nightly offsets and long-term trends, for example binary motion, were corrected for the individual spectra as well. We make use of the coadded template spectra, after converting them to air wavelengths, for their increased S/N as well as referenced the RV values listed in the RVBANK from Trifonov et al. (2020). The individual, coadded spectra were processed, normalized, and analyzed identically to Paper I (see Sect. 3 for a summary, Paper I for details). Figure 1 shows the MS sample from Paper I for comparison together with the post-MS sample analyzed in this paper in a Hertzsprung-Russel (HR) diagram based on Gaia DR2 parameters and MIST synthetic photometric fits (Sect. 2.3). It was decided to stay with DR2 parameters instead of adopting the newly released (E)DR3 catalog values to keep the results consistent with Paper I.
The S/N ratios provided by serval for the coadded spectra are shown in Fig. 2 in the top panels for each star individually (left) and binned by S/N (right, stacks colored to reflect evolutionary phase). On average, 27 spectra were used per coaddition for an approximate S/N of 555, with some stars significantly higher. The sample, binned by temperature and color-stacked by evolutionary phase, is shown in the lower panel of Fig. 2. Table C.2 gives a complete list of the stars from the final sample and their parameters.
In addition, we supplement our sample with data from the PEPSI3 spectrograph, published by Strassmeier et al. (2018), for comparison and verification of our results from HARPS (Appendix A). PEPSI is a fiber-fed instrument mounted at the 2 x 8.4 m Large Binocular Telescope (LBT) on Mt. Graham, Arizona, USA that covers the range of 383–907 nm at a resolving power of up to 270.000 (Strassmeier et al. 2015). We were able to use the data as provided for our line-by-line measurements, as the spectra are corrected for RV, continuum normalized, stitched, and given in air wavelengths, with no further preparation necessary. The data set is visualized in an HR diagram (HRD) in Fig. A.1.
	[image: thumbnail]	Fig. 1 Our sample of HARPS stars (post-MS colored for surface gravity fitted from MIST model, MS stars from Paper I in gray) in an Hertzsprung-Russel diagram, based on Gaia DR2 data. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).



2.2 Data filtering
Out of the complete, 3094 star sample that covers all evolutionary stages, 439 were excluded in Paper I for lack of a match with Gaia DR2 stars (Gaia Collaboration 2018) which were used as a source of consistent stellar parameters, such as effective temperature values. From the remainder, 810 MS stars were identified, based on SIMBAD4 surface gravities log g and Gaia G magnitude in conjunction with effective temperature Teff, and analyzed in Paper I. The database values for log g were used only for this filtering step, further analyses use the values determined in Sect. 2.3. This paper investigates the 458 stars that are not included in Paper I as they were presumed to be post MS. In Paper I we find that we need to exclude stars with a projected rotational velocity of v sin i > 8 km s−1 due to the effect the combined instrumental and rotational broadening has on our analysis technique, which is summarized in Sect. 3. Our v sin i values are taken primarily from SIMBAD, followed by Glebocki & Gnacinski (2005). As a proxy, we further use the HARPS Data Reduction Systems’ (DRS) Full-Width Half-Maximum (FWHM) values from Trifonov et al. (2020). They do not correlate perfectly with v sin i but provide a first order approximation that allows to exclude a few more fast rotating stars that do not have velocities listed in the other references.
For the PEPSI data, despite the higher resolving power of the instrument compared to HARPS, we have retained the 8 km s−1 v sin i limit because the decrease in instrumental broadening only allows a negligible extension of 200 ms−1 to the acceptable projected rotational velocity.
2.3 Stellar evolution phase and surface gravity
The preliminary sample for this work, after the v sin i and FWHM filtering of the presumed post-MS sample, comprises 267 stars. The specific phases in the stars’ evolution, as well as surface gravities, were determined from matching synthetic photometric observations to a set of Gaia DR2 parameters. We use the MESA Isochrones & Stellar Tracks (MIST; Dotter 2016; Choi et al. 2016; Paxton et al. 2011, 2013, 2015) projects synthetic data to determine the evolutionary phase in accordance with their classification. MIST does not feature subgiants as a distinct group but they can easily be distinguished from red giants through surface gravity. The phase was determined with the UBV(RI)c + 2MASS JHKs + Kepler + HIPPARCOS + Tycho + Gaia, version 1.2 grid of synthetic photometric data created for [Fe/H] = 0.0, v/vcrit = 0.4. We matched the photometric grid for the effective temperature, luminosity, and G, BP, and RP magnitudes from Gaia DR2 of our sample to obtain the grid point that best matches all these parameters. Since this only matches the grid points to the known parameters without interpolating the evolution tracks, we cannot define uncertainties on the determined best matches.
Instead, for the surface gravity log g, we defined an error box based on the Gaia uncertainties in effective temperature and luminosity and collected the surface gravities of all MIST grid points within the error box of each star. The minimum and maximum within each box were then taken as the uncertainty boundaries of the matched surface gravity. The mean calculated over the maximum deviation between those boundaries and the matched surface gravities gives an average uncertainty of 0.16 dex. The comparison of that uncertainty estimate to the literature via a SIMBAD query with Astroquery shows a good agreement with no systematic deviations between the values (mean over the signed deviations is 0.002 dex). The mean over the absolute deviations between the two data sets is 0.25 dex, consistent to our error box derivation. The deviations between our results and the literature compared to the spread within the literature show similar magnitudes, indicating that the algorithm performs as intended.
Besides the surface gravities of the underlying stellar models and the classification of the evolutionary stage, the MIST matches further reveal a set of 25 stars that were excluded in Paper I based on low surface gravity values that appear to be incorrect. They are identified from the MIST grid as MS stars and are excluded from the 267 remaining post-MS stars. This leaves a set of 242 post-MS stars that span subgiants, red giants, horizontal branch, and asymptotic giant branch stars. It is this sample of stars that is shown in Figs. 1 and 2. Closer review of the results in Sect. 4 excluded one more star, HD 87833, from the set. It has no rotational velocity listed in our two primary sources and the FWHM is acceptable, though Santrich et al. (2013) list it at a v sin i of 8 km s−1, which removes it from our sample. This leaves a final, trusted sample of 242 post-MS stars.
	[image: thumbnail]	Fig. 2 Overview of all final sample stars' signal-to-noise ratio (S/N) from serval, temperature from Gaia DR2, and evolutionary phase according to MIST photometry (color coded; the legend shows the number of stars per phase). Top left: Distribution of S/N over temperature within the sample. The circle size corresponds to the number of observations for that star. The dashed, horizontal lines mark S/N values of 100, 200, and 300. Top right: S/N for the coadded spectra in the sample. Bottom left: Distribution of temperatures within the sample.



3 Technique
To determine the strength of convective blueshift for the stars in the sample, we follow the third-signature scaling approach (Gray 2009). In the following, we provide a short summary of the technique employed here and in Paper I. For a more in-depth explanation we refer to Sects. 5 and 6 from Paper I.
The core of the method is the concept of the third signature of granulation, the relation between a spectral lines’ absorption depth and its radial velocity shift through convective motion (Hamilton & Lester 1999). It can be used as an alternative to the classical bisector approach, where connected midpoints of a single spectral line along points of equal absorption depth in the red and blue wing are used to trace convective velocity through the photosphere. The third-signature technique replaces the single line sampled at many depth points with many lines sampled at a single depth point each: their core. This increases the number of required lines from one into the hundreds, but decreases the required signal-to-noise from S/N >300 to ≈1·00 and resolving power from R ≳300 000 to R ≈50 000 as fitting a line core is much more robust than interpolating a bisector from the wings. This is especially true on the higher (close to the continuum) and lower (close to the core) end of the line profile due to noise combined with a small spectral slope. The lowered requirements, especially in resolving power, allow for the use of a much larger set of broad-band instruments that more than compensates the increase in line numbers necessary.
An additional advantage of the third-signature technique compared to the bisector approach is its universal nature. Unlike bisectors, which differ significantly even between lines of the same species in the same spectrum, the third signature of any star below the granulation boundary (Gray 2010a; ~7000 K on the MS; cooler for giants) can be scaled and shifted in velocity with a scale factor S and an offset to match any other star below the granulation boundary (Gray 2009). This allows for the use of a high quality template star, the Sun in our case, to fit a model for its third signature and then calibrate and scale that template model to other instruments and stars, significantly improving the robustness of CBS determination. The calibration step is required to account for changes in instrumental broadening. In this work we use the same template as in Paper I for the solar blueshift velocity vconv,⊙ as it depends on the line absorption depth d:
[image: equation](1)
The template is based on the IAG solar flux atlas (Reiners et al. 2016) with a resolving power of R ~ 1000 000 and created from a filtered list of spectral lines from the Vienna Atomic Line Database5 (VALD; Piskunov et al. 1995; Kupka et al. 2000; Ryabchikova et al. 2015; For details see Paper I, Sect. 4.2). It is shown in Fig. 3 and includes the (median binned6) line measurements underlying the fit from the solar spectrum, but is vertically shifted by 775 m s−1 such that vconv,⊙ (1.0) = 0 to account for gravitational redshift and the motion of the Earth and telescope. The choice of vertical zero point is arbitrary as CBS is purely differential, without an absolute component. The template further needs calibration for the HARPS resolving power by 0.91 in scale and 21.2 ms−1 in offset to account for differences in instrumental broadening. These are implicitly applied at all points for the rest of this paper.
A big advantage of obtaining CBS strength through third signature scaling instead of for example using the bisector inverse slope or other bisector indicators is that, in addition to the global CBS strength, it provides a velocity profile over all possible line depths. This profile allows for the construction of CBS values for the core of any spectral line of known depth even outside the initial list of measured lines. It further allows for the reconstruction of the lower parts of the bisector, where the intergranular contribution is weak, and serves as a proxy to the convective velocity profile within the range of optical depths that belong to the line forming region within the stellar photosphere.
For the rest of this paper we use the same curated VALD line list used in Paper I to extract the third signature. All analyses, unless stated otherwise, are carried out the same way as those from Paper I. We started with the normalization of all spectra to the continuum by performing a boundary fit with asymmetric weighting and clipping factors, following a modified version of Cardiel (2009) and using a sinc2 function to simultaneously account for the instrumental blaze function. We calculated an approximate RV from the cross-correlation of the normalized spectra with a binary line mask from CERES (Brahm et al. 2017) by averaging over the echelle orders and determining the minimum as an initial RV estimate. We then fitted the line list, determined in Paper I, to the spectra, using parabolas to approximate the line core. We repeated the fit until convergence was reached, starting again from the supposed line center determined from the previous step to account for errors in the initial RV guess. After fitting the solar third signature template to the measured line center and depth values, the RV from the cross-correlation function (CCF) was refined such that vconv (1.0) = 0. This places a theoretical, fully absorbing line at zero RV shift under the assumption that it forms at the very top of the convection zone and should, therefore, show no convective velocity. Any deviation from zero would then necessarily be due to uncorrected RV. Measuring the lines and refining the RV was repeated until convergence to the final RV. For the full details we refer to Paper I, Sects. 4 and 6.
	[image: thumbnail]	Fig. 3 Line shift vs. line depth for the solar template spectrum and the third signature of granulation template used in this work. This plot is modified from Paper I, Fig. 5, center-left panel, with adjusted axes but using the same data, binning, and fitted signature. Marked are the 1168 individual spectral line measurements from the VALD list (blue points with errorbars), 18 bin medians (red triangles, the red bars indicate the median absolute deviation), error of the bin median (black errorbars, analogous to the error of the mean), and the template third signature (orange line, Eq. (1)).



4 Results
Applying the third signature scaling technique as described in Sect. 3 to MS stars in Paper I revealed a strong correlation between the strength of CBS and effective temperature that monotonously increases from a 20% solar strength plateau for late K dwarfs to 150% for mid to late F dwarfs. Figure 4 exemplifies the general results for the post-MS sample of this work compared to Paper I. In a direct comparison between three post-MS stars, selected from this works data set, and three MS stars of near identical temperature from Paper I, we see a significant increase in CBS strength for the post-MS stars compared to their less evolved MS counterparts. The difference between the post-MS stars and their counterparts also appears to grow with decreasing surface gravity, meaning for advancing evolution. The absolute CBS strength appears to dip for the intermediate case.
4.1 Temperature dependence of post-MS CBS strengths
The results from the full post-MS sample are given in Fig. 5. They match Fig. 4 and show the gradual deviation of the post-MS stars from the MS relation discovered in Paper I. While the MIST stellar evolution grids do not list subgiants as their own stage, they are still easily identifiable through their surface gravity. Subgiants make up the transition between the MS relation and the post-MS branch between 5300 K and ~6000 K, lead smoothly into the red giant branch (RGB) stars and terminate at AGB stars after passing horizontal branch stars. The entire post-MS sample forms its own “horizontal branch” in scale factor-effective temperature space at roughly solar strength CBS. We approximate the observed relation between Scale factor S and effective temperature Teff with a third order polynomial to bins of ten stars each, same as in Paper I for the MS sample:
[image: equation](2)
[image: equation](3)
The effective temperature of the star is scaled in accordance with Paper I and the overall relation is fitted for the temperature region of 4100–6000 K. Above 5800 K the two relations, for MS and post MS, fall together within the margin of error for terminal age main sequence (TAMS) stars, in accordance to the turnoff within the HRD in Fig. 1. This is also shown in Fig. B.1 where the HRD is color coded for CBS strength. An overview of the CBS strengths expected from the fit is given in Table C.1 for a selection of effective temperatures within the fitted range.
We evaluate the robustness of this fit in several ways. First, a Kolmogorov-Smirnov test was performed of the fit residuals against a standard normal distribution. In the case of an accurate fit, the two should be identical with over- and underfitting apparent by a narrower or wider residual distribution relative to the standard normal. This shows that, while a third order polynomial does, technically, overfit the binned data, a second order polynomial strongly underfits the unbinned data compared to third order and visually deviates for low and high temperatures. The technical overfit is further to be expected from the choice to directly use the median absolute deviation as a bin uncertainty measure without scaling by the square root of the number of bin members as was done for Figs. 3 and 4. This is motivated by the much smaller number of bin members and stronger effect of systematics such as activity that count against the assumption of similarity between the mean and median estimators employed previously. Therefore, the third order polynomial is considered the better choice.
Secondly, the impact of the uncertainty of the Gaia temperature on our fit is investigated with orthogonal distance regression (ODR) which generalizes the residual definition of the standard chi-square minimization to multiple dimensions. Since the Gaia uncertainties are asymmetric because they are defined via upper and lower percentiles, the uncertainty interval also has to be symmetrized. For this we took the minimum, maximum, and mean of the upper and lower uncertainty as a symmetrical uncertainty for the ODR. The results from the ODR performed on either the binned data, now also with the MAD included as bin variance in temperature, or directly on the data with symmetrized uncertainties in temperature are in agreement with the original fit shown in Fig. 5 within the region of error in all cases. The effect that the symmetrized uncertainties might have is unknown as we are unaware of a fitting suite that can correctly handle such a case. It appears plausible that the generally larger lower uncertainty could, in the case of proper handling, introduce an effective offset in the fit that cannot be caught with symmetrical errors though we are unable to confirm or deny this.
	[image: thumbnail]	Fig. 4 Comparison of the convective blueshift of selected MS (left) and post-MS (right) stars of similar effective temperatures (rows) from the HARPS samples. The more advanced evolutionary stage can be inferred from the significantly decreased surface gravity log g for the stars on the right. Marked are individual spectral line measurements from the VALD list (blue points with errorbars), bin medians (red triangles, the red bars indicate the median absolute deviation), error of the bin median (black errorbars, analogous to the error of the mean), and the fitted third signature (orange line, scale factor in legend).



	[image: thumbnail]	Fig. 5 Scale factor vs. effective temperature for the post-MS stars of the HARPS sample. The relation for the post-MS stars is fitted with a cubic polynomial (red line, Eq. (3)) to the binned scale factors (red bars indicate the median absolute deviation), while the MS results (gray, dashed line for the fitted relation SHARPS,MS (Teff), gray markers for individual stars hotter than 4000 K; Paper I) are included as reference. The surface gravity for each post-MS star (based on MIST fits) is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).



4.2 Surface gravity dependence of post-MS CBS strengths
The plot of the derived scale factors S against the surface gravity log g instead of temperature shows a similar picture due to the dependence of the two but also clearly shows an intermediate decrease in scale factor for the youngest subgiants with a minimum around log g ≈ 3.2 (Fig. 6). Fitting the relation with a third order polynomial, as with Eq. (3), gives:
[image: equation](4)
As within Sect. 4.1 for the effective temperature fit, we again investigate the robustness of the surface gravity fit. For this we use the uncertainties derived in Sect. 2.3. Like with the temperature, we first symmetrized the uncertainty interval and then fitted the polynomial against the binned data with the MAD as bin variance and directly against the data that was symmetrized to the minimum, maximum, and mean of the asymmetric error-bars. The results are very similar to the previous ones for the temperature, with only minor changes to the fitted parameters and the polynomial behaves the same within the uncertainty of the data.
The intermediate dip in S, present in all fitting approaches at the same surface gravity, is in agreement with results from Luhn et al. (2020), who investigated RV jitter levels due to activity and granulation. They also find a minimum in RV jitter which depends on surface gravity and stellar mass. It separates what they call an activity dominated and a granulation and oscillation dominated phase during a stars evolution. For a median mass of 1.78 solar masses in our sample they predict a jitter minimum at log g ≈ 3.1 of 5.5 m s−1 in coincidence with the minimum observed in our results. This could indicate a sweetspot where granulation and oscillation induced RV jitter as well as CBS are both minimal, reducing the difficulties encountered by high-precision planet searches (Sect. 1 for details).
4.3 Comparison with literature results
The results for post-MS CBS strengths are in qualitative agreement with the results from Gray (2009), who also shows an increase in CBS for more evolved stars, however they differ on a quantitative level where the Gray (2009) results show significantly higher scale factors for the most evolved stars. We perform a thorough investigation into the source of this discrepancy as described in Appendix A. We conclude that it is not a matter of instrumental differences or any errors during the analysis. Instead the discrepancy results from a different, but equally valid, choice of lines which lead to a differently shaped “standard curve” (Gray) or third-signature model (our term) that scales differently with temperature. This is supported by results from Gray (2012, 2014) for ζ Cygni and β Gem respectively, both of which are found to show weaker than expected scale factors while using additional lines compared to the Gray (2009) reference. As such the results are not in actual disagreement as they are not quantitatively comparable due to the scaling difference of the underlying relation. A similar disparity is found in Paper I from the comparison of our results for MS stars against Meunier et al. (2017a,b). They used a linear approximation as their third-signature model that results in an underestimation of the scaling toward hotter stars due to the strong curvature of the third signature.
	[image: thumbnail]	Fig. 6 Scale factor vs. surface gravity (based on MIST fits) for the post-MS stars of the HARPS sample. The relation SHARPS,pMS (log g) for the post-MS stars is fitted with a cubic polynomial (red line). The effective temperature for each star is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds). A local minimum in scale factor at log g ≈ 3.2 is marked (gray, dashed line).



4.4 Comparison with analytical models
While we are able to explain the discrepancy with the results by Gray (2009), its existence leaves the question whether our scale factors are under similar limitations. To that end, following Paper I, we again attempt to match our measurements to the analytical scaling relation for the observed CBS SBC, called σc,v by Basu & Chaplin (2017; Eq. (4.79) in their work), with effective temperature T, stellar radius R, and stellar mass M, shown in Eq. (5).
[image: equation](5)
In Paper I, we are able to match our scale factors either for MS stars below or above 5400 K, though not for the entire range at once as the scaling with temperature for the hotter range appears stronger than analytically expected. The relation also does not reproduce the plateau for K-type MS stars. We conclude that this is due to the underlying assumption by Basu & Chaplin (2017) that individual granules contribute the same level of intensity fluctuations irrespective of spectral type. This impression is reinforced after we compare the current results for post-MS stars to the Basu & Chaplin (2017) relation. With the stellar parameters obtained from the MIST fits (Sect. 2.2) and radii calculated from the model mass and surface gravity as radius is not a listed parameter, it is possible to match the scale factors for TAMS and young SG stars (Fig. 7, left panel).
At a surface gravity log g < 3.5 the scale factors obtained from the analytical relation start to overestimate our empirical measurements and for log g < 3.0 predict a strong increase with further decreasing surface gravity. We only see a very slight increase in CBS scale factor in our data for that region, which corresponds to the transition between SGs and the actual RGB. From the fundamental structural changes experienced during that phase it is unsurprising that the relation breaks under the given assumptions. As with the MS sample, we are of the opinion that this is due to changes in the balance factor between granules and lanes. A comparison of the model from Basu & Chaplin (2017) on the number and therefore size of the granules with numerical results from Trampedach et al. (2013) shows a good agreement and reinforces our opinion. Finally, Trampedach et al. (2013) directly show that the intensity contrast increases as the star evolves which explains the deviation from the analytical model. Since the deviation of our empirical CBS strengths from the analytical expectation appears to be smooth, we can attempt to derive a correction term. The right panel of Fig. 7 shows the ratio of the analytical and the empirical strength of CBS (SBC and [image: equation] respectively) for the post-MS (pMS) sample as a linear function of temperature in semilogarithmic space. Fitting the relationship gives Eq. (6), which can be used to empirically correct the analytically derived values from Basu & Chaplin (2017).
[image: equation](6)
One may expect that the point of deviation from the expected behavior lies on the granulation boundary, as delineated in Gray & Nagel (1989) as the point in the HRD where the bisectors flip from C to reversed-C shapes. However, the entirety of our sample falls below that formal boundary otherwise the use of a solar template third signature, which mirrors the lower portion of the classical C-shape, would not be possible. Instead of a full reversal it is nonetheless likely that below the boundary but close to it, signs of the reversal process become observable as discussed in Sect. 4.5.
	[image: thumbnail]	Fig. 7 Comparison of analytical and empirical scale factors. Left: Scale factors measured from the HARPS post-MS sample plotted against values expected from the Basu & Chaplin (2017) analytical relations. The gray, dashed line shows equality. Right: Ratio of scale factor values expected from the Basu & Chaplin (2017) analytical relations (Eq. (5)) and measured from the HARPS post-MS sample. The black line was fitted as a correction factor to the analytic values as a function of effective temperature. Both: Markers are colored for surface gravity (based on MIST fits). Black edges indicate log g > 3.5, green 3.5 > log g > 3.0, and red 3.0 > log g. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).



4.5 Relation to macroturbulence velocities
The third signature of granulation is termed as such by Gray (2009) as an extension to the existing first and second signature: The macroturbulent dispersion and spectral line asymmetry respectively. They show that for their sample of eleven stars the first and third signatures are correlated, with the exception of ι Aurigae which shows an excessively high radial-tangential macroturbulence dispersion (called vmac here, they called it ζRT) and a low scale factor that is well below their and our expected range at only 0.53. Since we already find a systematic difference to the Gray (2009) scale factors due to differences in the derived third signature (Sect. 4.3 and Appendix A) and see evidence for the same overestimation of nonempirical CBS proxies as they see for ι Aurigae (Sect. 4.4), the comparison of our scale factors to macroturbulent broadening is of high interest.
Doyle et al. (2014) determine vmac values for 28 stars from the Kepler input catalog, accounting for the influences of instrumental broadening as well as microturbulence. The effect of rotational broadening was mitigated by the use of asteroseis-mic v sin i values to disentangle the broadening from macroturbulence. From their results they provide a fitted relation to determine the expected vmac value from effective temperature and surface gravity. Figure 8 shows the velocities obtained that way plotted against our scale factors. The picture is similar to Fig. 7 where the subgiant scale factors correlate well with vmac and more evolved stars are expected to show a much higher velocity than the scale factors indicate. While the extent is larger, possibly because the larger number of stars in our sample highlights the deviation, this mirrors the result from ι Aurigae in Gray (2009), where vmac is directly determined, rather than from a parameterized relation. It must be noted that the relation from Doyle et al. (2014) is only calibrated to MS stars, although the values obtained are within the region of those obtained by Gray (2009). The origin of this discrepancy in behavior among the more evolved stars is unclear at this point. Both works agree on the magnitudes of vmac measured for MS stars as well as for the measured (Gray) and extrapolated (Doyle) values for post-MS stars. As such, and due to the consistency of the vmac behavior compared to the analytically scaled CBS from Sect. 4.4, we believe that the Doyle et al. (2014) relation for vmac remains applicable to the giant regime. Gray & Pugh (2012) also find similar behavior for an extended sample of giant and supergiant stars where macroturbulence increased strongly with evolving luminosity class while the scale factor remains consistent for a given spectral type. A potential source discussed in both works is that the determined macroturbulence velocity depends strongly on the depth of the lines under observation, for the same reason that CBS does. While the scale factor intrinsically accounts for this through the depth-dependent third signature model, the vmac values are only strictly correct for the line and star combination it is determined from because the line changes depth between stars. Even averaging multiple lines, as was done by Doyle et al. (2014), may only partially mitigate this for small numbers of lines as we show in Appendix A because they can still show systematically different behavior compared to another set of lines. It is therefore possible that changes to the formation heights of the lines utilized lead to a change in vmac not present in our scale factor since this shifts the sensitivity to deeper layers of the photosphere for more evolved stars. The explicit depth-dependence of the third signature avoids this effect. Alternatively, as Gray & Pugh (2012) raise for discussion, it is conceivable that for evolved stars the assumption behind the definition of macroturbulent broadening as a measure of convection (and proxy for CBS) breaks down. Macroturbulence measures a form of “con-vective broadening” that is dominated for the solar-like case by the granular blueshift. The changes in contrast and areal coverage mentioned in Sect. 4.4 could lead to an increase of the intergranular redshift contribution which would increase convection broadening from additional redshifted components while decreasing the line core shift by countering the granular velocity more strongly, effectively decoupling the first and third granulation signature for evolved stars. A more quantitative example for this can be seen in Gray (2010a) who introduces the flux deficit as the difference between the pseudo-bisector created by the third signature and the actual bisector measurement. This flux deficit is identified as the contribution from the intergranular lanes which induces the asymmetry and its change in strength and position in velocity space, as also shown in Gray (2010b), is used to explain the reversal of the C-shaped bisector of γ Cyg. Besides the reversal of the bisector, the change in the flux deficit also serves to broaden the overall line profile which, if not explicitly taken into account, likely contributes to the increase in macroturbulent velocity toward higher temperatures and luminosities, whereas the line core and with it the third signature scaling remains largely unaffected until much closer to the granulation boundary.
	[image: thumbnail]	Fig. 8 Comparison of macroturbulence dispersion, determined from the Doyle et al. (2014) fit, and our HARPS pMS scale factors. The gray, dashed line shows a linear fit to the subgiants with log g < 3.6. Markers are colored for surface gravity (based on MIST fits). The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).



	[image: thumbnail]	Fig. 9 Comparison of horizontally averaged, peak vertical velocities from Magic et al. (2013) fits to STAGGER 3D MHD model atmospheres. Markers are colored for surface gravity (based on MIST fits). The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).



4.6 Convection velocities from 3D MHD
We have now identified two alternatives to the scale factors determined in this work that systemically deviate in similar and potentially related ways. A third option is to investigate the actual convection velocity of the material within the convection zone. These velocities can be extracted from 3D MHD simulations such as from Magic et al. (2013). From their STAGGER grid of 3D model atmospheres they provide the horizontally averaged, peak vertical velocities [image: equation] together with a functional fit dependent on metallicity, temperature, and surface gravity. Under the assumption of solar metallicity for our stars for simplicity, since the influence is significantly weaker than for the other two parameters, we obtain Fig. 9. Once again we see the structure of more evolved stars clustered above the well correlated subgiants, although this time the tail pointing upward is missing in favor of a denser cluster. The correlation between the scale factor and [image: equation] for the subgiants also appears less strict than for the previous two comparisons with those that show weaker CBS turning slightly downward. It should be noted that [image: equation] denotes the peak velocity within the atmosphere model which extends below the photosphere and as such will overestimate the maximum possible velocity component within the line forming region. Magic et al. (2013) mention this but claim that the peak velocity still scales in accordance with the global velocity magnitudes. On the other hand they state that surface gravity has an effect on the symmetry of the velocity curve which changes the velocities encountered at given optical depths because the peak is shifted to higher optical depths. This may lead to lower velocities within the line forming region, albeit the peak velocity keeps increasing. Furthermore, they use an rms value as their horizontal average so the cancellation between rising and sinking material is excluded and a bias compared to only the granular regions introduced. Similar to the fixed cancellation factor in Sect. 4.4 and the decoupling of convective broadening from the core shift in Sect. 4.5, this would lead to on overesti-mation of observable CBS velocities within evolved stars where the convective pattern changes drastically to a more even distribution between rising and falling material. A more definitive answer to this question could be reached with radiative transfer simulations on the atmosphere models to investigate the actual formation depths of spectral lines but this far exceeds the scope of the present work.
5 Summary and conclusion
We investigated 242 post-MS stars with the third-signature scaling technique, to determine the largest cohesive sample of CBS strengths for post-MS stars to date. The technique has previously proven to be robust over a large range of temperatures for MS stars where it combines the quality advantage of an ultra-high quality solar template with the increased ease to obtain lower quality spectra. We expand on the previous results in several ways.

	We confirm that the technique is applicable reliably and without issues for post-MS stars and thereby extend the confirmed range of universal scaling of the third signature.


	Our results qualitatively confirm findings by Gray (2009), that post-MS stars show increased CBS compared to MS stars of similar temperature. Quantitative differences are due to the choice of line lists and the resulting fundamentally different third-signature template, which demonstrates a different scaling behavior.


	We determine that post-MS stars form a type of horizontal branch in scale factor versus effective temperature space. This gradually increases the CBS strength difference toward cooler temperatures, lower surface gravity, and further evolved stars, as the MS stars continue to decrease in CBS.


	We find that subgiants gradually turn off of the MS relation toward the horizontal branch in scale factors of the post-MS stars after a slight minimum around log g ≈ 3.2.


	This minimum may indicate a sweet spot for planet searches as it coincides with a minimum in RV jitter (Luhn et al. 2020).


	The near constant scale factor indicates that CBS changes very little between evolved stars which disagrees with findings from (i) analytical scaling (Basu & Chaplin 2017), (ii) macroturbulent broadening (Doyle et al. 2014), and (iii) MHD convection velocities (Magic et al. 2013). It is likely that this is due to the disconnect between line core shifts, susceptible to a fine balance between granular blue and intergranular redshift that the three listed proxies are insensitive towards.



With this paper we have demonstrated again the ease of use and generality of the third-signature scaling technique for measuring CBS. It is very robust and applicable on a wide range of not only effective temperature but also stellar evolutionary stage and, after a simple calibration for differences in instrumental broadening, the instrument used to record the data. This establishes the applicability to a very wide range of use cases which encompasses all stars with convective envelopes observed at medium resolution or higher.
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Appendix A  Further investigations
	[image: thumbnail]	Fig. A.1 Hertzsprung-Russel diagram for our control sample of PEPSI stars based on Gaia DR2 data and colored for surface gravity (based on MIST fits). The HARPS MS/post-MS sample from Paper I and this work is included as reference (gray markers). Three PEPSI stars are not shown due to missing Gaia parallaxes. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub-or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).



We find that quantitatively our results for the scale factor and those from Gray (2009) differ by up to a factor of three (S~0.27 versus S~0.72 for the late K dwarf ϵ Eridani). In this section we seek to find the source of this discrepancy. First, we looked for stars included in his sample as well as ours for a direct comparison. This leaves us with ϵ Eridani and τ Ceti, both MS stars that show significantly lower scale factors in our analysis, though τ Ceti deviates only by a factor of two (0.56 versus 1.01). We endeavored to exclude an instrumental source for the difference, albeit that Gray (2009) cites a resolving power of his spectra comparable to HARPS, and analyzed a number of published PEPSI spectra from Strassmeier et al. (2018) (HR diagram for the sample in Fig. A.1). The results, as shown in Fig. A.2, agree with our HARPS sample within the margin of error, both for MS and post-MS stars, and reinforce the systematic difference to Gray (2009).
Besides the instrument, which we have shown to not be the source, another difference lies in the choice of spectral lines. Where we use a general list, not specifically curated to any degree and only vetted to optimize third-signature fit quality among the entire sample over all spectral types, with a total of over 1000 lines, Gray (2009) uses a list of 15 lines of Fe I that are easy to measure in the Sun. As we point out in Paper I, from our own experience, care must be taken to ensure a list of lines is generally applicable and not overly adapted to any specific type of star, lest the results become unreliable once applied to an unsuited star. We also show for the sun that the wavelength range covered by an otherwise representative line list influences the shape and strength of the third signature which affects the scaling behavior. To check if either was the case here, we repeated our analysis with the line list provided by Gray (2009), but retained our third-signature model (Eq. 1). The results are shown in Fig. A.3. Besides a generally larger scale factor that could be calibrated for (solar fit at S~2.1), they agree again with our results from Paper I. While the uncertainties are larger, as is the scatter of individual stars, this eliminates the line list itself as the source for the deviation as well, especially as the Gray (2009) MS stars also match our MS relation after recalibration. This further matches our experience with the results from Meunier et al. (2017a) and Meunier et al. (2017b), where general agreement is reached with the results in Paper I, despite a significant difference in line list. Overall this points to the second previously mentioned point that the line choice is representative for CBS strength but differs in its scaling behavior.
	[image: thumbnail]	Fig. A.2 Scale factor results for the PEPSI control sample (colored for MIST surface gravity). Both MS and post-MS scales are in agreement with the main HARPS sample models (gray and red curves for the fitted models, gray markers for individual stars from the samples of Paper I and this work). The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).



To check this, we compared our solar-based third-signature model to the one used by Gray (2009) and Gray & Oostra (2018). We applied a correction to our model in the form of an RV shift to account for the different treatment of barycentric motion and solar gravitational redshift and compared the two models. However, the difference in absolute RV shift is not the source of the differences in the results as an absolute shift is already a fitted parameter for the third signature scaling and, unlike the CBS strength itself, not a differential shift. As such it does not change the determined CBS strength and can not account for the difference in results. A direct comparison of the two models in Fig. A.4 reveals a clear difference in that the Gray (2009) model curves up, toward weaker CBS, for significantly shallower lines. If one shifts that model by 20 percentage points toward deeper lines and adjusts the absolute RV, this results in an almost perfect match to our model and the one from Reiners et al. (2016). We speculate however, that this offset is not due to actual differences in the spectra or measurements of the line depths, but rather a result of the choice of lines as mentioned previously which lead to a different but equally valid third-signature template. A direct comparison of the measurements from our technique but using the line list from Gray (2009) against the extracted line data from Fig. 7 from Gray (2009) for the Sun (a R~100 000 degraded IAG atlas in our case) reveals a good agreement among the two and to the standard curve from their work. The fact that our template model again requires a scaling of 2.1, like the stars from the MS sample, rather than 1.0 as one would expect for a fit to solar lines, once more indicates that the third signature template (or standard curve) simply scales differently but otherwise represents the same underlying effect. This is shown in Fig. A.4, where we compare Gray (2009) line measurements and standard curve with our equivalent line-by-line results from Paper I. We clearly see the discrepancy in standard curve / third signature template is purely due to the choice of spectral lines, as all the lines chosen by Gray (2009) are within the range covered by our own choice of line list. As such, the results are not in actual disagreement, despite the difference in similar sounding values, but are simply not quantitatively comparable when one does not account for the difference in scaling (as shown in Fig. A.3).
	[image: thumbnail]	Fig. A.3 Scale factor vs. effective temperature for the HARPS MS sample from Paper I, using the 15 lines from Gray (2009) and our solar 3rd signature, prescaled by a factor of 2.1 to account for the systematic difference due to the line choice. The resulting recalibrated scale factors (blue dots) are indistinguishable from the fit to the results from Paper I (red line, Eq. (3) from Paper I). The dashed lines mark scale factors of zero, one (solar strength), and 0.25 (K dwarf plateau from Paper I).



This conclusion is supported by results from Gray (2012) and Gray (2014) for ζ Cygni and β Gem respectively. While they use the same standard curve as in Gray (2009), their list of Fe I lines was supplemented with additional, non-Fe I lines and results in lower than expected scale factors of 1.08 and 0.8 respectively, comparable to the range of our results.
	[image: thumbnail]	Fig. A.4 Comparison of the Gray (2009) line measurements and standard curve F/Fc (v) for the Sun with our equivalent third signature vconv,⊙ (d) determined in Paper I (Eq. 1, see also Fig. 3 of this work) and the Reiners et al. (2016) signature.



We show in Paper I that there is a degeneracy between observed line depth, influenced by line broadening effects, and the obtained scale factor. This results in the necessity to calibrate the template to the resolving power of the instrument, to account for instrumental broadening, that would otherwise lead to a similar offset in measured solar CBS scale factor. This further explains the growing discrepancy in published scale factors between this work and Gray (2009) for decreasing effective temperatures for τ Ceti and ϵ Eridani as the underlying signature is fundamentally different and therefore scales differently as well, in this instance much slower. As such our results and those of Gray (2009) appear to both be valid within their context and simply not directly comparable. This again matches our observations from Paper I against Meunier et al. (2017a) and Meunier et al. (2017b), where a linear third signature model leads to similar issues, though at higher scale factors, as there the model underestimates the third signature curvature.

Appendix B  Additional figures
Figure B.1 shows the changes in observed CBS strength over the combined samples from Paper I and this work, similar to Figure 5 but in the form of an Hertzsprung-Russel diagram (See Fig. 1).
	[image: thumbnail]	Fig. B.1 Combined sample from Paper I and this work shown as an Hertzsprung-Russel diagram, same as Fig. 1 but colored for the CBS strength.




Appendix C  Tables
For ease of access and a quicker overview, we list in Table C.1 the expected CBS strengths and velocities for the range of 4100– 6000 K based on our model from Eq. 3. Table C.2 lists all stars of our sample with basic parameters important to this work and the determined CBS strengths and uncertainties. The full table is available via CDS.
Table C.1 
Scale factor cheat sheet following Eq. 3. Available online at CDS.

Table C.2 
All stars with their parameters (extract). The full table is available at the CDS.
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	[image: thumbnail]	Fig. 1 Our sample of HARPS stars (post-MS colored for surface gravity fitted from MIST model, MS stars from Paper I in gray) in an Hertzsprung-Russel diagram, based on Gaia DR2 data. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
In the text



	[image: thumbnail]	Fig. 2 Overview of all final sample stars' signal-to-noise ratio (S/N) from serval, temperature from Gaia DR2, and evolutionary phase according to MIST photometry (color coded; the legend shows the number of stars per phase). Top left: Distribution of S/N over temperature within the sample. The circle size corresponds to the number of observations for that star. The dashed, horizontal lines mark S/N values of 100, 200, and 300. Top right: S/N for the coadded spectra in the sample. Bottom left: Distribution of temperatures within the sample.
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	[image: thumbnail]	Fig. 3 Line shift vs. line depth for the solar template spectrum and the third signature of granulation template used in this work. This plot is modified from Paper I, Fig. 5, center-left panel, with adjusted axes but using the same data, binning, and fitted signature. Marked are the 1168 individual spectral line measurements from the VALD list (blue points with errorbars), 18 bin medians (red triangles, the red bars indicate the median absolute deviation), error of the bin median (black errorbars, analogous to the error of the mean), and the template third signature (orange line, Eq. (1)).
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	[image: thumbnail]	Fig. 4 Comparison of the convective blueshift of selected MS (left) and post-MS (right) stars of similar effective temperatures (rows) from the HARPS samples. The more advanced evolutionary stage can be inferred from the significantly decreased surface gravity log g for the stars on the right. Marked are individual spectral line measurements from the VALD list (blue points with errorbars), bin medians (red triangles, the red bars indicate the median absolute deviation), error of the bin median (black errorbars, analogous to the error of the mean), and the fitted third signature (orange line, scale factor in legend).
In the text



	[image: thumbnail]	Fig. 5 Scale factor vs. effective temperature for the post-MS stars of the HARPS sample. The relation for the post-MS stars is fitted with a cubic polynomial (red line, Eq. (3)) to the binned scale factors (red bars indicate the median absolute deviation), while the MS results (gray, dashed line for the fitted relation SHARPS,MS (Teff), gray markers for individual stars hotter than 4000 K; Paper I) are included as reference. The surface gravity for each post-MS star (based on MIST fits) is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
In the text



	[image: thumbnail]	Fig. 6 Scale factor vs. surface gravity (based on MIST fits) for the post-MS stars of the HARPS sample. The relation SHARPS,pMS (log g) for the post-MS stars is fitted with a cubic polynomial (red line). The effective temperature for each star is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds). A local minimum in scale factor at log g ≈ 3.2 is marked (gray, dashed line).
In the text



	[image: thumbnail]	Fig. 7 Comparison of analytical and empirical scale factors. Left: Scale factors measured from the HARPS post-MS sample plotted against values expected from the Basu & Chaplin (2017) analytical relations. The gray, dashed line shows equality. Right: Ratio of scale factor values expected from the Basu & Chaplin (2017) analytical relations (Eq. (5)) and measured from the HARPS post-MS sample. The black line was fitted as a correction factor to the analytic values as a function of effective temperature. Both: Markers are colored for surface gravity (based on MIST fits). Black edges indicate log g > 3.5, green 3.5 > log g > 3.0, and red 3.0 > log g. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
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	[image: thumbnail]	Fig. 8 Comparison of macroturbulence dispersion, determined from the Doyle et al. (2014) fit, and our HARPS pMS scale factors. The gray, dashed line shows a linear fit to the subgiants with log g < 3.6. Markers are colored for surface gravity (based on MIST fits). The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
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	[image: thumbnail]	Fig. 9 Comparison of horizontally averaged, peak vertical velocities from Magic et al. (2013) fits to STAGGER 3D MHD model atmospheres. Markers are colored for surface gravity (based on MIST fits). The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
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	[image: thumbnail]	Fig. A.1 Hertzsprung-Russel diagram for our control sample of PEPSI stars based on Gaia DR2 data and colored for surface gravity (based on MIST fits). The HARPS MS/post-MS sample from Paper I and this work is included as reference (gray markers). Three PEPSI stars are not shown due to missing Gaia parallaxes. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub-or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).
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	[image: thumbnail]	Fig. A.2 Scale factor results for the PEPSI control sample (colored for MIST surface gravity). Both MS and post-MS scales are in agreement with the main HARPS sample models (gray and red curves for the fitted models, gray markers for individual stars from the samples of Paper I and this work). The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).
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	[image: thumbnail]	Fig. A.3 Scale factor vs. effective temperature for the HARPS MS sample from Paper I, using the 15 lines from Gray (2009) and our solar 3rd signature, prescaled by a factor of 2.1 to account for the systematic difference due to the line choice. The resulting recalibrated scale factors (blue dots) are indistinguishable from the fit to the results from Paper I (red line, Eq. (3) from Paper I). The dashed lines mark scale factors of zero, one (solar strength), and 0.25 (K dwarf plateau from Paper I).
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	[image: thumbnail]	Fig. A.4 Comparison of the Gray (2009) line measurements and standard curve F/Fc (v) for the Sun with our equivalent third signature vconv,⊙ (d) determined in Paper I (Eq. 1, see also Fig. 3 of this work) and the Reiners et al. (2016) signature.
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	[image: thumbnail]	Fig. B.1 Combined sample from Paper I and this work shown as an Hertzsprung-Russel diagram, same as Fig. 1 but colored for the CBS strength.
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        Our sample of HARPS stars (post-MS colored for surface gravity fitted from MIST model, MS stars from Paper I in gray) in an Hertzsprung-Russel diagram, based on Gaia DR2 data. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
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        Overview of all final sample stars' signal-to-noise ratio (S/N) from serval, temperature from Gaia DR2, and evolutionary phase according to MIST photometry (color coded; the legend shows the number of stars per phase). Top left: Distribution of S/N over temperature within the sample. The circle size corresponds to the number of observations for that star. The dashed, horizontal lines mark S/N values of 100, 200, and 300. Top right: S/N for the coadded spectra in the sample. Bottom left: Distribution of temperatures within the sample.
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        Line shift vs. line depth for the solar template spectrum and the third signature of granulation template used in this work. This plot is modified from Paper I, Fig. 5, center-left panel, with adjusted axes but using the same data, binning, and fitted signature. Marked are the 1168 individual spectral line measurements from the VALD list (blue points with errorbars), 18 bin medians (red triangles, the red bars indicate the median absolute deviation), error of the bin median (black errorbars, analogous to the error of the mean), and the template third signature (orange line, Eq. (1)).
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        Scale factor vs. effective temperature for the post-MS stars of the HARPS sample. The relation for the post-MS stars is fitted with a cubic polynomial (red line, Eq. (3)) to the binned scale factors (red bars indicate the median absolute deviation), while the MS results (gray, dashed line for the fitted relation SHARPS,MS (Teff), gray markers for individual stars hotter than 4000 K; Paper I) are included as reference. The surface gravity for each post-MS star (based on MIST fits) is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Scale factor vs. surface gravity (based on MIST fits) for the post-MS stars of the HARPS sample. The relation SHARPS,pMS (log g) for the post-MS stars is fitted with a cubic polynomial (red line). The effective temperature for each star is color coded. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds). A local minimum in scale factor at log g ≈ 3.2 is marked (gray, dashed line).
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        Comparison of analytical and empirical scale factors. Left: Scale factors measured from the HARPS post-MS sample plotted against values expected from the Basu & Chaplin (2017) analytical relations. The gray, dashed line shows equality. Right: Ratio of scale factor values expected from the Basu & Chaplin (2017) analytical relations (Eq. (5)) and measured from the HARPS post-MS sample. The black line was fitted as a correction factor to the analytic values as a function of effective temperature. Both: Markers are colored for surface gravity (based on MIST fits). Black edges indicate log g > 3.5, green 3.5 > log g > 3.0, and red 3.0 > log g. The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).
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        Comparison of macroturbulence dispersion, determined from the Doyle et al. (2014) fit, and our HARPS pMS scale factors. The gray, dashed line shows a linear fit to the subgiants with log g < 3.6. Markers are colored for surface gravity (based on MIST fits). The marker shapes correspond to the evolutionary phases according to MIST: sub- or red giant (triangle), core Helium burning (squares), and asymptotic giant (diamonds).

      

    

  
    
      Fig. A.1 
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        Hertzsprung-Russel diagram for our control sample of PEPSI stars based on Gaia DR2 data and colored for surface gravity (based on MIST fits). The HARPS MS/post-MS sample from Paper I and this work is included as reference (gray markers). Three PEPSI stars are not shown due to missing Gaia parallaxes. The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub-or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).
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        Scale factor results for the PEPSI control sample (colored for MIST surface gravity). Both MS and post-MS scales are in agreement with the main HARPS sample models (gray and red curves for the fitted models, gray markers for individual stars from the samples of Paper I and this work). The marker shapes correspond to the evolutionary phases according to MIST: main sequence (circle), sub- or red giant (triangle), core Helium burning (squares), asymptotic giant (diamonds), extended asymptotic giant (stars), and thermally pulsing asymptotic giant (crosses).
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        Scale factor vs. effective temperature for the HARPS MS sample from Paper I, using the 15 lines from Gray (2009) and our solar 3rd signature, prescaled by a factor of 2.1 to account for the systematic difference due to the line choice. The resulting recalibrated scale factors (blue dots) are indistinguishable from the fit to the results from Paper I (red line, Eq. (3) from Paper I). The dashed lines mark scale factors of zero, one (solar strength), and 0.25 (K dwarf plateau from Paper I).
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        Comparison of the Gray (2009) line measurements and standard curve F/Fc (v) for the Sun with our equivalent third signature vconv,⊙ (d) determined in Paper I (Eq. 1, see also Fig. 3 of this work) and the Reiners et al. (2016) signature.
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        Combined sample from Paper I and this work shown as an Hertzsprung-Russel diagram, same as Fig. 1 but colored for the CBS strength.
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      Scale factor cheat sheet following Eq. 3. Available online at CDS.

      
        


	Effective temperature [K]
	Scale factor
	Velocity [m s−1]





	4100
	1.005
	-361.3



	4200
	1.002
	-360.1



	4300
	0.987
	-354.7



	4400
	0.963
	-346.2



	4500
	0.933
	-335.3



	4600
	0.899
	-323.1



	4700
	0.864
	-310.6



	4800
	0.831
	-298.6



	4900
	0.802
	-288.1



	5000
	0.780
	-280.2



	5100
	0.767
	-275.6



	5200
	0.767
	-275.5



	5300
	0.781
	-280.7



	5400
	0.813
	-292.2



	5500
	0.865
	-311.0



	5600
	0.940
	-337.9



	5700
	1.041
	-374.0



	5800
	1.169
	-420.2



	5900
	1.329
	-477.5



	6000
	1.521
	-546.8





      

      
Notes. The velocities given assume a line depth of 0.7 (Eq. 1), corresponding to a median solar line.




    

  
    
      Table C.2 

      All stars with their parameters (extract). The full table is available at the CDS.

      
        


	Star
	DR2 ID
	Teff
	Gmag
	log g
	Phase
	ν · sin i
	#Spectra
	S/N
	#Lines
	[image: equation]
	Scale S
	σs





	HD56618
	5606936597846400512
	3797
	−1.73
	0.90
	RGB
	–
	5
	544
	923
	0.92
	0.51
	0.12



	HD41047
	2889305249701803264
	3920
	−1.60
	1.15
	AGB
	–
	9
	462
	1095
	0.03
	1.21
	0.07



	HD12524
	4944212458182232192
	3930
	−0.93
	1.22
	AGB
	–
	9
	523
	1118
	0.24
	1.15
	0.06



	HD61772
	3029166186779364736
	3974
	−2.39
	1.17
	AGB
	–
	35
	1347
	1141
	0.07
	1.03
	0.07



	HD45669
	5278749385021344640
	3974
	−1.56
	1.26
	AGB
	–
	7
	353
	1109
	0.03
	1.06
	0.06



	HD130694
	6219380139468557568
	4055
	−0.89
	1.54
	RGB
	–
	194
	3039
	1165
	0.03
	1.01
	0.04



	BD-184705
	4119382783830154112
	4098
	−0.33
	1.66
	RGB
	–
	13
	160
	1053
	0.27
	0.99
	0.08



	TYC5126-2775-1
	4252502954347971840
	4126
	−0.68
	1.50
	AGB
	4.50
	8
	88
	1013
	0.05
	1.18
	0.13



	HD50778
	2952868119981800448
	4126
	−0.96
	1.44
	AGB
	3.60
	7
	392
	1122
	0.01
	1.06
	0.05



	HD28028
	4871775051596978944
	4135
	−1.32
	1.37
	AGB
	–
	7
	474
	1121
	0.04
	1.00
	0.07



	TYC8963-1543-1
	5336820469612710784
	4139
	−0.42
	1.54
	CHeB
	–
	21
	184
	1084
	0.48
	1.31
	0.05



	HD170053
	4477460391998886144
	4202
	−1.21
	1.63
	AGB
	–
	102
	1433
	1172
	0.04
	1.02
	0.06



	BD+101802
	600784874384342400
	4229
	−1.30
	1.49
	AGB
	–
	3
	247
	1034
	0.53
	1.24
	0.10



	HD45398
	3104552174309524096
	4246
	−0.78
	1.85
	RGB
	–
	105
	1648
	1169
	0.02
	1.18
	0.06



	BD-184710
	4119382852549575168
	4254
	−0.40
	1.90
	RGB
	–
	16
	220
	1091
	0.11
	0.91
	0.08



	HD122430
	6177432396478424576
	4340
	−0.67
	1.89
	AGB
	2.59
	7
	370
	1157
	0.03
	1.04
	0.05



	CD-546003
	5887641435423836544
	4348
	−0.52
	1.98
	RGB
	–
	7
	185
	1104
	0.04
	0.94
	0.06



	HD96789
	5340186143451130112
	4360
	−1.77
	1.74
	CHeB
	–
	7
	339
	1122
	0.31
	1.17
	0.07



	COROT102387834
	3317885502001094400
	4364
	1.75
	2.50
	RGB
	–
	17
	64
	1007
	5.29
	0.66
	0.12



	HD10615
	4715993838992279680
	4365
	−0.07
	1.95
	CHeB
	–
	9
	366
	1158
	0.02
	1.33
	0.03



	HD47536
	5583831735369515008
	4384
	−0.62
	1.96
	AGB
	1.81
	11
	485
	1182
	0.03
	0.91
	0.04



	HD85859
	5659110864115634944
	4401
	−0.06
	2.02
	CHeB
	–
	10
	703
	1145
	0.04
	0.84
	0.04



	HD65695
	3068999225306100480
	4430
	−0.45
	2.02
	AGB
	2.00
	10
	568
	1189
	0.07
	0.88
	0.05



	HD110014
	3676091134604409728
	4445
	−0.78
	2.04
	AGB
	3.90
	111
	2253
	1187
	0.01
	1.05
	0.05



	HD178484
	4261348186123153408
	4445
	−0.42
	2.01
	AGB
	–
	146
	1880
	1201
	0.03
	0.93
	0.05



	HD1690
	2430036837596487424
	4445
	−0.68
	2.00
	AGB
	3.02
	44
	363
	1141
	0.07
	0.91
	0.05



	HD132944
	5887670572485812608
	4468
	−0.66
	2.04
	AGB
	–
	8
	239
	1101
	0.08
	1.07
	0.06



	HD206642
	6585580939594718464
	4472
	−1.24
	1.99
	RGB
	–
	3
	525
	1163
	0.06
	0.90
	0.04



	HD78004
	5330160246630987776
	4483
	−1.13
	1.95
	CHeB
	–
	4
	420
	1173
	0.87
	1.75
	0.03



	CD-4911415
	5949577646955571712
	4492
	0.30
	2.18
	CHeB
	–
	34
	234
	1137
	0.06
	0.92
	0.04



	HD171759
	6419476755915457792
	4500
	−0.46
	2.09
	AGB
	–
	7
	542
	1180
	0.04
	0.85
	0.04



	HD23319
	4856903813234485248
	4512
	0.60
	2.41
	RGB
	1.70
	10
	482
	1184
	0.02
	1.16
	0.04



	HD169370
	4160006233744631040
	4515
	0.73
	2.42
	RGB
	4.40
	5
	219
	1172
	0.08
	0.83
	0.04



	HD159194
	5961811431807564032
	4522
	0.51
	2.21
	CHeB
	–
	9
	232
	1140
	0.02
	0.95
	0.06



	CD-535815
	5887699640826811520
	4523
	−0.14
	2.17
	CHeB
	–
	8
	176
	1115
	0.18
	0.86
	0.05



	HD1522
	2429978803998328960
	4528
	−1.15
	1.99
	RGB
	0.40
	5
	491
	1188
	0.30
	1.45
	0.04



	HD170031
	4476782577440717824
	4551
	0.59
	2.46
	RGB
	–
	111
	1362
	1204
	0.03
	0.88
	0.04



	HD188114
	6687035763708302848
	4553
	−0.17
	2.30
	RGB
	–
	8
	578
	1190
	0.04
	0.88
	0.04



	BD-132130
	3030262468592291072
	4572
	−0.19
	2.24
	CHeB
	2.14
	37
	234
	1142
	0.06
	0.90
	0.05



	CD-535820
	5887695517658166912
	4581
	−0.25
	2.31
	RGB
	–
	8
	181
	1111
	0.17
	0.89
	0.06



	HD87833
	5256491799378573824
	4583
	−1.84
	1.96
	CHeB
	–
	18
	328
	959
	0.71
	−0.14
	0.24



	HD200763
	6781170726597994240
	4605
	−0.31
	2.34
	CHeB
	–
	9
	449
	1197
	0.05
	0.92
	0.05



	HD18293
	4640087816818486528
	4612
	−0.76
	2.21
	AGB
	–
	10
	473
	1150
	0.04
	1.05
	0.06
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