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Abstract

Context. Starspots on a rotating stellar surface impact the measured radial velocities and thereby limit the determination of precise orbital elements as well as astrophysical stellar parameters and even jeopardize the detection and characterization of (exo)planets.

Aims. We quantify the effect of starspots for the orbital elements of the spotted RS CVn binary λAnd and present an empirical correction. The aim is to obtain a more precise orbital solution that can be used to better study the system’s severe orbital-rotational asynchronism.

Methods. Phase-resolved high-resolution optical spectra were recorded over the course of 522 days in 2021–2022. We employed two facilities with medium and high resolution spectroscopy for the multiple activity analyses. Doppler imaging is used to reconstruct λ And’s starspots with a high resolution (R = 250 000) and high signal-to-noise ratio spectra. Optimized cross-correlation functions were used to measure precise radial velocities at a level of a few ten’s of m/s.

Results. The spot-corrected radial velocities enable, on average, a threefold increase in precision of the individual orbital elements. The residual velocity jitter with a full range of 500 m s−1 is modulated by the rotation period of λAnd of 54.4±0.3 d. Our logarithmic gravity from spectrum synthesis of 2.8±0.2 together with the interferometrically determined stellar radius suggest a most-likely mass of the primary of ≈1.4 M⊙. The small orbital mass function then implies a secondary mass of just ≈0.1 M⊙, which is appropriate for an L-class brown dwarf. The Doppler image reconstructs a dominating cool spot with an umbral temperature difference of ≈1000 K with respect to the photosphere of 4660 K and is likely surrounded by a moat-like velocity field. Three more weaker spots add to the total surface spottedness, which is up to 25% of the visible surface. Seven optical chromospheric tracers show rotational modulation of their emission line fluxes in phase with the cool spots. This surface configuration appears to have been stable for the 522 days of our observations. We also redetermined the carbon isotope ratio to 12C/13C = 30 ± 5 and measured a contemporaneous disk-integrated mean longitudinal magnetic field of polarity Plus/Minus up to 2.70 ± 0.35 G from Stokes-V line profiles.
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1 Introduction
The RS Canum Venaticorum (RS CVn) binaries are cool, evolved, close binary systems with an exceptionally high level of magnetic activity. These systems were originally defined by Hall (1972) and further specified in Hall (1976), Vogt & Penrod (1983), and Strassmeier et al. (1993). Many of these RS CVns were cornerstones for studying the relationship between the global magnetic activity and the photospheric starspots (e.g., Strassmeier 2009). λ And is such a cornerstone RSCVn system and it is very attractive to observers because of its brightness of V =3.82 mag (Ducati 2002). It is a single-lined spectroscopic binary (SB1) with a subgiant of classification G8III-IV and a surface temperature of ≈4600 K (Savanov & Berdyugina 1994). It is approximately of solar mass with a radius of around 7 R⊙ (Drake et al. 2011). The rotation period of 54 d of the primary star was determined from photometry and is among the longest known for RS CVn binaries (Landis et al. 1978; Strassmeier et al. 1989; Henry et al. 1995). λ And’s rotational line broadening (v sin i) is thus comparably small, approximately 7 km s−1. But it is the orbital period of ≈20 d and the nearly circular orbit that makes λ And outstanding because the orbital revolution and the (primary-star) rotation are grossly asynchronous. In this respect, it is even more surprising that the current best orbit for λ And dates back to the 1940s. (Walker 1944).
Mirtorabi et al. (2003)’s study of the long-term (1976–2002) photometric behavior of λ And showed evidence of a complex starspot-faculae activity cycle, with timescales as short as 4 yr and as long as 14 yr. At least during the 5 yr interval in which they presented TiO photometry, it appears that most of the longterm changes in the star’s brightness were produced by variations in the fractional areal coverage of the bright regions.
To quantify λ And’s spatial surface activity, photometric (Donati et al. 1995), spectropolarimetric (Ó Fionnagáin et al. 2021), and interferometric (Parks et al. 2021; Martinez et al. 2021) imaging techniques have been applied. While Donati et al. (1995) published the first surface map of the star from BV light curve inversions, Parks et al. (2021) and Martinez et al. (2021) obtained direct surface images for two epochs from H-band interferometry in 2010 and 2011. These images showed several spots at near-equatorial latitudes and predominantly only in onehemisphere. Ó Fionnagáin et al. (2021) applied the Zeeman- Doppler imaging (ZDI) technique to Stokes-V line profiles and showed that the star possesses an equatorial magnetic field with radial and azimuthal components of local strengths of up to 83 G. Because the ZDI technique relies on the differential circularly polarized line profiles rather than the integral-light profiles (i.e. Stokes-I), it is applicable even to stars with a comparably small v sin i, such as λ And. Doppler imaging (DI), on the other hand, has not yet been attempted for λ And because its low v sin i requires very high spectral resolution in order to sample the narrow line profiles properly (such that a wavelength point in the line profile can be related to a surface pixel via the Doppler effect). Nevertheless, if applicable, DI is still the most powerful method to indirectly infer spatial information on a stellar surface. It not only allows the number, size, temperature, and morphology of starspots to be reconstructed, but also their growth and decay and their migration in latitude and longitude. Furthermore, determining the surface morphology gives us a chance to understand the reasons for the activity effects on the other properties of the star, such as radial velocity (RV) jitter, surface temperature evolution, and chromospheric emission.
The effects of starspots on stellar RVs have been investigated by many authors in the recent literature, in particular in connection with the search for exoplanets. Early simulations by Saar & Donahue (1997) showed that starspots can create RV jitter up to 200ms−1. Similar to this work, Hatzes (2002) modeled the RV perturbations as a function of spot filling factors and for a range of rotational velocities up to v sin i of 13 km s−1. Hatzes (2002) showed that the amplitude of the RV jitter is directly proportional to both the v sin i and the spot filling factor. Desort et al. (2007) simulated RV curves and line bisectors by placing starspots at different latitudes of the stellar disk of a solar-like star with different inclinations of the rotational axis. However, all of these simulations considered only a single spot on the surface. Boisse et al. (2011) used a more realistic two-spot configuration with the spots at different latitudes and longitudes. They demonstrated similarities and discrepancies based on a periodogram analysis of the residual RV perturbations. Rajpaul et al. (2015) obtained RV residuals by applying Gaussian processes that included an exoplanet signal in the model. An observational study by Donati et al. (2016) demonstrated the effects of stellar surface structures on the RV curve of a T-Tauri star. By filtering out the activity, they discovered the residual exoplanet signal. Similar results had been achieved for the secondary component of the pulsation- dominated RV data of the M-supergiant Betelgeuse (MacLeod et al. 2025). Also recently, Zhao & Dumusque (2023) investigated the effects of (bright) faculae and its combined effect with (dark) starspots.
In the current paper, we present our new observations and the data processing (Sect. 2) together with an empirical attempt for separating the spot-related RV from the orbit-related RV and thereby refining λ And’s orbital elements to a higher precision (Sect. 3). In addition, we introduce the first Doppler image of λ And and compare it with the RV perturbations and the results from other mapping attempts in Sect. 4. Moreover, in Sect. 5, we analyze the star’s chromospheric activity and relate it to the photospheric properties of the star. A discussion and summary in Sect. 6 is followed by our conclusions in Sect. 7.
2 Observations and data reduction
We collected high-resolution, high signal-to-noise (S/N) spectroscopic data with the 1.2-m STELLA (STELLar Activity) robotic telescope (Strassmeier et al. 2004) in Tenerife, Spain, equipped with the STELLA Echelle Spectrograph (SES), and with the 1.8-m Vatican Advanced Technology Telescope (VATT) in southern Arizona, United States, fiber-fed with the Potsdam Echelle Polarimetric and Spectroscopic Instrument (PEPSI; Strassmeier et al. 2015) from the Large Binocular Telescope (LBT). STELLA data were gathered autonomously once per (clear) night between January 2021 and July 2022, while the VATT was employed manually for a dedicated run between UT May 10, 2022 and July 1, 2022, covering a full stellar rotation of λ And. A total of 201 STELLA spectra and 81 VATT spectra were acquired. On UT Oct. 22, 2024, Oct. 15, 2024, Jan. 04, 2022 and Oct. 13, 2017 we obtained deep Stokes-IQUV spectra of λ And for 3837–9067 Å with the PEPSI polarimeter on the LBT. The circular polarization spectra were obtained with the use of a super-achromatic quarter-wave retarder and the Foster prism as a polarizing beam-splitter. The spectra were observed at two angles separated by 90 degrees and reduced with the difference method (Ilyin 2012) which resulted in the Stokes I and V spectra discussed in Sect 5.3. The polarimetric spectra have a 2-pixel resolution of 130 000 and a cumulative S/N from all six subexposures of around 5000 in Stokes-I in the red wavelengths.
SES is a fiber-fed fixed-format echelle spectrograph providing a 3-pixel resolution of 55 000 over a wavelength range of 3900–8800 Å. At a wavelength of 6000 Å this corresponds to an effective resolution of 5.5 km s−1 or 110 mÅ. Integration time was 280 s and resulted in an average S/N of 400 per pixel. Its detector is an e2v 4k×4k CCD with 15 µm pixels. The spectral resolution is made possible with a 2-slice image slicer and a 67-µm (octagonal) fiber with a projected sky aperture of 3.8 arc seconds. The spectrograph is placed in a thermal housing but not in a pressure sealed environment. Its RV stability is thus on average 50 m s−1 (Strassmeier et al. 2023). SES spectra are automatically reduced using the IRAF-based SES data-reduction (SESDR) pipeline (see Weber et al. 2016). The observing log is given in Table A.1.
PEPSI is a fiber-fed stabilized echelle spectrograph with two arms (blue and red) and three cross dispersers (CD) per arm. The spectrograph is located in the basement of the LBT with an underground fiber connection from the VATT of length 450 m. We used it in its high-resolution 2-pixel R=250 000 mode (called 100L mode) with two pairs of CDs (CD3+CD5 and CD3+CD6) covering the wavelength ranges 4800–5400 Å and 6278–9067 Å. Its detectors are two STA 10k×10k CCDs with 9 µm pixels. The high resolution is achieved with a pair of 100 µm fibers and a 9-slice image slicer. The spectrograph is kept stable in a thermal and pressure housing enabling a long-term RV precision of 15ms−1 when fed through the VATT fiber connection (Strassmeier et al. 2023). PEPSI spectra were reduced with the SDS4PEPSI pipeline based on Ilyin (2000); see also Strassmeier et al. (2018). Integration time was 40 min and achieved S/N ofon average 400 in CD3, and 900 in CD5 and CD6 (per pixel). The observing log is given in Table A.2.
3 Radial velocity analysis
3.1 Toward a RV measurement
Radial velocities are obtained from a fit of the cross-correlation function (CCF) of the observed spectra with a synthetic template. We followed the same procedure recently described for the VPNEP survey (Strassmeier et al. 2023) and we refer the reader to this paper for a detailed description. For λ And, we use a Phoenix spectrum as the only template with Teff/log g/[Fe/H] of 4600/3/–0.5 from Husser et al. (2013) broadened to match the full line width of λ And of ≈8.7 km s−1. While SES spectra cover the entire optical wavelength range, the sections for the CCF were nevertheless restricted by excluding regions of strong lines and wavelengths longer than the terrestrial O2 A-band at 7600 Å. For PEPSI, only the CD-3 wavelength range (4800– 5400 Å) was used for the CCF because it contains the majority of lines and is basically free of terrestrial features. We see no trace of a secondary star in the CCFs of primary line profiles.
Because STELLA is a robot and tries to observe at any allowed observing condition, it also produces low-quality spectra during nights of bad seeing and/or clouds. We thus applied a 3σ clipping for removing the outliers in our RV data. A total of seventeen RVs were thereby removed, all of them from very low S/N spectra.
During the VPNEP survey, Strassmeier et al. (2023) used stars that were commonly observed with SES and PEPSI to determine their zero-point offset between the two telescope-spectrograph combinations. The grand mean RV difference for SES-minus-PEPSI and its standard deviation was −395±209 m s−1. As seen, it had a rather large RMS mostly due to the large range of spectral types of the joint stars. For λ And the difference is consistently just −180 m s−1, which we removed from the SES RVs. All RVs in this paper are reduced to the barycentric motion of the solar system using the JPL ephemeris. Tables A.1 and A.2 in the appendix list the RVs for all spectra.
	[image: thumbnail]	Fig. 1 Radial velocities of λ And from STELLA+SES and VATT+PEPSI. In the upper panel, the orbital fit is plotted as a black line along with the data. STELLA+SES observations are indicated with dark blue circles; VATT+PEPSI observations are plotted in red triangles. In the lower panel the RV residuals are shown after removing the predicted orbital velocities. The thick grey line emphasizes the rotational modulation by applying a three-sinusoidal fit to the RV residuals.



3.2 Periods and phases
We apply both the Lomb Scargle Periodogram (LSP; Lomb 1976; Scargle 1982) and the Phase Dispersion Minimization (PDM; Stellingwerf 1978) for the determination of the change in the activity indices properly. The LSP as a variant of a Fourier transformation is the least-squares fitting of a harmonic (sinusoidal) function to a time series. As shown in Fig. 1 the RV series is nearly sinusoidal and well sampled, and thus well suited for the Lomb Scargle approach. We see period errors of well below 1% from the covariance matrix of the RV fit of a single harmonic with a particular period.
For the periodogram of the RV residuals (after removing the predicted velocity from the orbit) we apply a Monte-Carlo approach by selecting randomly 64% of the RV data points (170 data points) and, from this subsample, again randomly selecting 95 RV data points (which is the difference 36%) which then together makes up an equally sized sample compared to the original. This is repeated 10 000 times and a LSP computed for each. Its RMS is adopted as the most-likely error. The PDM method is similar to a χ2 reduction when fitting data models. Frequencies were searched at an equidistant sampling between 0.0001 and 1 c/d.
Because of the strong asynchronism between orbital and rotational motion of λ And its observational phases are determined with two different periods. In this paper, orbital epochs and phases, E.ϕ, are computed from times of observation (in Barycentric Julian Date BJD) via
[image: equation](1)
while rotational epochs and phases, E.φ, are computed from
[image: equation](2)
Throughout the paper, we use Porb =20.520394±0.000041 d and a time of periastron passage T0=2459 696.372 from our new orbit, and Prot=54.41±0.3 d from its RV residuals.
3.3 Spot correction
A cool spot causes a spectral-line core to be net red-shifted when appearing on the approaching part of the rotating stellar hemisphere and a net blue-shift when on the receding part of the stellar hemisphere. The RV residuals versus phase then show a sinusoidal change centered on the starspot passage through the stellar central meridian. Once there is more than just a single spot, and viewed at moderate to low inclination, it is not simple anymore to imagine the spot’s disk-integrated influence. Therefore, numerical simulation with spotted toy stars were carried out early on (Saar & Donahue 1997) and were perfected in order to quantify the effect for planet-hosting stars with ultra- precise RV observations (e.g., Boisse et al. 2011; Menuier 2023; Zhao & Dumusque 2023). In case of λ And, we have an active RS CVn star with super-sized spots compared to the Sun. This in turn allows us to actually reconstruct its surface spot distribution independently of the orbital solution by means of the Doppler- Imaging technique, which is usually not possible for any of the cool planet-host stars.
For the RV spot correction, we proceed as following: Once the observed RV curve was fit with an initial orbital solution, we used the observed minus computed (O − C) residuals as our spot tracer. The lower panel of Fig. 1 shows these residuals for the ≈26 orbital revolutions (522 d). Then we applied a LS periodogram which indicated the maximum power (amplitude squared) at a period of P = 54.41 d (Fig. 2). Its most-likely error is ±0.3 d. The second strongest peak is at P/2 ≃ 26.81 d, and the third strongest peak at P/3 ≃ 17.75 d. The first period agrees very well with the ≈54 d of the photometric period found by several authors in the past, (e.g., Strassmeier et al. 1989; Henry et al. 1995; Parks et al. 2021), and we interpret it as the rotational period. The existence of significant P/2 and P/3 harmonics indicate a stable two-spot configuration on the surface of λ And during our 522 d observing window according to the models from Boisse et al. (2011). By using three harmonics of a sinusoidal function, following Boisse et al. (2011), a smoothed curve is fitted to the residuals. Itis shown by the gray thick line in the lower panel of Fig. 1 along with the data points. Optimizing its fit to the RV curve based on a minimum χ2 approach results in a formally best fit with a slightly shorter period of 53.7 d but with an uncertainty of 3.5 d, still in good agreement with the more- precise LS period. This fit is then removed from the observed RVs. Its peak-to-valley RV amplitude is ≈ 500m s−1.
	[image: thumbnail]	Fig. 2 Lomb-Scargle periodogram for the RV-residuals from Fig. 1. The strongest peak at 54.41 d is attributed to the rotation period of the primary component. Two other peaks are found near P/2 and P/3.



3.4 Orbital solution
To model its orbital behavior, we treated λ And as a singlelined (SB1) binary and solved for the primary component using the general least-squares fitting algorithm from scipy (Virtanen et al. 2020). For solutions with non-zero eccentricity, we employed the prescription from Danby & Burkardt (1983) to calculate the eccentric anomaly. A first orbit is determined from all available RVs including the ones tabulated by Walker (1944) and Burns (1906) – data spanning 120 yr. It is used to fix the orbital period. By assuming that the fit is of good quality, we derive the element uncertainties (for all our solutions in this paper) by scaling the formal one-sigma errors from the covariance matrix using the measured χ2 values. T0 is always a time of periastron. We note that we give orbital periods as observed and not corrected for the rest frame of the system.
Already our initial, spot-uncorrected orbit by far supersedes the previous best orbit from Walker (1944). However, there is no dramatic change of the individual elements, which hints towards the very high quality of the old Lick and Victoria data. Important is the consolidation of the non-circular orbit for λ And which we redetermine to an internal precision of 2%. Our final orbit is then with the spot corrected RVs. As laid out in Sect. 3.3, the spot correction is achieved by subtracting the fit of the residual RVs from the observed RVs at the corresponding observing times. We then repeat the orbit determination and find our final elements. Table 1 lists the usual orbital elements and compares our orbits with those from Walker (1944) and Burns (1906). The error of an observation of unit weight decreased from 134m s−1 for the spot-uncorrected orbit to 57 m s−1 for the spot-corrected orbit. Elemental errors were lowered on average by a factor of three after the spot correction.
The computed RV curves are compared with our observed velocities in Fig. 3. Its panel a shows the orbit with the spot- uncorrected RVs, while panel b shows the final orbit with the spot-corrected RVs. Highlighted are the times of maximum and minimum velocity because these critically influence the orbital elements.
	[image: thumbnail]	Fig. 3 Phase folded RV curves for λ And. a: before removing the spot signal and b: after removing the spot signal. The maximum and minimum RV regions are enlarged for better viewing. The overall RMS decreased by a factor two.



4 Doppler imaging
4.1 Code summary and data input
The stellar surface of λ And is reconstructed using the iMAP code (e.g., Carroll et al. 2012). We apply a multi-line inversion based on an average spectral line built from approximately 500 spectral lines with line depths larger than 60% of the continuum. The main criterion for line selection is blending. Unaccounted blending is particularly worrisome for λ And because of its very small rotational line broadening of ≈ 7 km s−1. We input a line list with atomic data from the Vienna Atomic Line Database VALD-3 (Ryabchikova et al. 2015) that covers wavelength range of 4800–5400 Å of PEPSI data. The averaging relies on a Singular Value Decomposition (SVD) algorithm and a bootstrap-permutation test to determine the dimension (rank) of the signal subspace; for details, we refer to Carroll et al. (2012). The noise estimate for the SVD profiles are obtained from the error estimates provided by the bootstrap procedure. The weighted mean profiles have typical S/N of 20 000 per pixel, compared to the ≈ 400–900 per pixel for an individual line.
The resolving power of our PEPSI spectra of 250 000 (1.2 km s−1 or 0.024 Å at 6000 Å), together with an average full width of the lines at continuum level of 2 (λ/c) v sin i ≈ 0.3 Å for λ And, enables an acceptable 12 resolution elements across the rotating stellar disk. According to the simulations of Piskunov & Wehlau (1990), five resolution elements are the minimum for successful DI. STELLA+SES spectra with R =55 000 are therefore of too low a resolution and cannot be used for DI.
For the computation of the local line profile, iMAP solves the radiative transfer per surface pixel for 72 depth points in a grid of tabulated Kurucz ATLAS-9 (Castelli & Kurucz 2003; Kurucz 1993) model atmospheres. The local line profiles are thus in 1D and in local thermodynamic equilibrium (LTE). The grid covers the temperatures between 3500 K and 8000 K in steps of 250 K interpolated to gravity, metallicity, and microturbulence from the global synthesis fits (see Sect. 4.2). The stellar surface is thereby partitioned into 5°×5° segments (72×36 pixels), resulting in a total of 2592 surface segments for the entire sphere. An inclination of 70° was adopted from the average of the inclinations taken from the literature and remained fixed for the inversion. We use an iteratively regularized Landweber method (see Carroll et al. 2012, and references therein). The Landweber iteration realizes a simple fixed-point iteration derived from minimizing the sum of the squared errors.
We neglect differential surface rotation during the inversion. Our observations were taken within a single stellar rotation; therefore, the differential rotation signal would be very weak.
Table 1 
Orbital elements for λ And.

4.2 Stellar parameters
Since we see no trace of a secondary star neither in the SVD line profiles, nor in the CCFs with the RV template, we proceed assuming all lines are from the primary star of the system. In addition, we adopt the 54.4-d period as the rotation period of the primary star which we inferred from the RV residuals.
Photospheric parameters are obtained by comparing the SES spectra with synthetic templates. We use the software Parameters-from-SES (ParSES; Allende Prieto 2004; Jovanovic et al. 2013) which utilizes a grid of pre-computed template spectra built with Turbospectrum (Plez 2012), a line-list extracted again from the Vienna Atomic Line Database (VALD-3; Ryabchikova et al. 2015), and a best-fit selection based on the minimum distance method with a non-linear simplex optimization (Allende Prieto et al. 2006). ParSES was applied to all STELLA spectra for the full 522-d coverage. The number of free parameters in the initial application of ParSES was five (effective temperature Teff, gravity log g, metallicity [Fe/H], projected rotational velocity v sin i, and microturbulence ξt). The averaged best-fit values are Teff=4655±47 K, log g=2.8± 0.2 cms−2, [Fe/H]=−0.59±0.06, v sin i=7.16±0.04 km s−1, and ξt=1.29±0.03 km s−1, where the errors are 1σ rms values from the 184 individual spectra. We note that the most-likely spot-unaffected effective temperature is 4660 K according to Fig. 4. λ And had been known to be metal-poor with a listed 13 measurements in CDS/Simbad of around [Fe/H] ≈ −0.5, a value in reasonable agreement with our fits. The range of recent rotational line-broadening determinations is between v sin i=7.3 km s−1 (Massarotti et al. 2008) and 6.5±0.3 km s−1 (Donati et al. 1995) but is not easy to constrain because of the similarly large macro turbulence and its expected enhancement in or around starspots (Toner & Gray 1988; Donati et al. 1995).
The upper panel of Fig. 4 shows the individual Teff’s from the ParSES fits as a function of BJD, and the lower panel as a function of rotational phase with the 54.4-d period obtained from the RV jitter. The Teff time series allows a RV-independentperiod search. It yields a clear peak at 54.3 ± 0.2 days and confirms the period from the RV jitter. Its error is estimated from the width of the resulting frequency peak because the covariance matrix is difficult to interpret in this case because every Teff point has a different and not well-specified error. The phase-curve indicates a single-humped sinusoid with one broad maximum Teff of 4660 K at phase φ ≈ 0.7 and one relatively narrow minimum of just 30 K cooler at 4630 K at phase φ ≈ 0.2. The RMS of these fits is just 11.5 K. The maximum temperature is in good agreement with the earlier spectroscopic analyses by Savanov & Berdyugina (1994) who found Teff=4650 K and log g=3.0 but diverts from Tautvaišienė et al. (2010) who found Teff=4830 K and log g=2.8. We adopt the maximum effective temperature (4660 K) from Fig. 4 as our starting value for the DI and keep the other photospheric parameters fixed to the averaged ParSES values.
λ And had been spatially resolved with the Center for High Angular Resolution Astronomy (CHARA) array and the Michigan Infra-Red Combiner (MIRC) instrument from observations in 2010 and 2011 by Parks et al. (2021). They reported that the inclination of the star’s rotation axis, i, from the two data sets in 2010 and 2011 is 75±5.0° and 66.4±8.0°, respectively, while Martinez et al. (2021) found an inclination of 85.6±2.3° from the same but combined data sets. Ó Fionnagáin et al. (2021) presented a Zeeman-Doppler image of λ And and found a best-fit inclination of 71±2°. Because of the small Doppler broadening, our spectral absorption lines do not present a good constraint for the inclination from fits to the line profiles. Therefore, we adopt a weighted average of above inclinations of 70° for our Doppler imagery.
The Gaia DR3 parallax of 38.57 ± 0.12 mas (Gaia Collaboration 2023) refined λ And’s distance to 25.924 ± 0.079 pc as compared to 26.41 ± 0.15 pc from the re-reduced Hipparcos data (van Leeuwen 2007). From the catalogue of Ducati (2002), we used the visual magnitude of V = 3.82. By inherting the bolometric correction from Popper (1980) we obtained the bolometric luminosity as 25.08 L⊙, and with the interferometric radius 7.787 ± 0.053 R⊙ from Martinez et al. (2021), we calculated the effective temperature to 4633 K, which is close to the maximum temperature obtained by the ParSES spectrum fits (4660 K). An independent radius estimate is obtained from the v sin i, i, and Prot relation (respectively taken as 7.0 ± 0.5 km s−1, 70 ± 10° and 54.4 ± 0.3 d), yielding a radius of 8.0 ± 0.4 R⊙ in good agreement with the interferometric radius.
Of particular interest from an evolutionary point of view is the 12C/13C carbon isotope ratio. Canonical stellar evolution models predict a core dredge-up that decreases the surface 12C/13C and carbon/nitrogen (C/N) ratios over time. Specific dredge-up predictions for λ And suggested only a mild reduction in the 12C/13Cratio to values >30 (see the discussion Drake et al. 2011, and references there in). While Drake et al. (2011) observed a C/N ratio for λ And that is perfectly consistent with the predictions, Savanov & Berdyugina (1994) and Tautvaišiené et al. (2010) measured a surprisingly low carbon isotope ratio 12C/13C of 20 ± 5 and 14, respectively, that are not in agreement with the predictions nor with observations of low-metallicity, single, disk giants.
Therefore, we also looked for the carbon isotope ratio in our very high resolution spectra. We first build a median spectrum out of the 40 individual PEPSI CD6 spectra and thereby correct for its (nightly variable) telluric contamination. This is possible because λ And is a SB1 binary with a precisely known orbit that easily allows identifying telluric lines from their fixed wavelengths. The pixels affected can thus be removed when building the median. This median spectrum has still a two-pixel resolution of 250 000 and a S/N of 680 per pixel at 8000 Å. Program Turbospectrum (Plez 2012) is then employed with MARCS model atmospheres (Gustafsson et al. 2008) and under the assumption of LTE to synthesize and fit the 8004-Å wavelength region. One such fit is shown in Fig. 5. The synthesis approach follows our recent applications in Strassmeier et al. (2023) and for details we refer to its description. For λ And, we synthesize only a small part of the CN line regions around 8003.5 Å (due to 12C14N) to 8005.9 Å (due to 13C14N). We use again VALD3 complemented with the line lists of Carlberg et al. (2012) and Plez (2012) for CN and selected atomic lines. The fits result in a mixed bag of isotope ratios ranging from 21 to 35. Internal errors are very small but strongly depend on the level of the continuum. The true continuum for λ And may appear depressed by the (weak but unknown) molecular line content in the 8004-Å region, and the fits thus depend on the adopted molecular line list. We conclude on a best-fit 12C/13C isotope ratio of 30±5 for λ And placing it on the lower rim of dredge-up expectations of RGB members (Drake et al. 2011).
	[image: thumbnail]	Fig. 4 Effective temperature of λ And from ParSES. Upper panel: plot versus time throughout the 522d of observation in 2021-2022. Lower panel: plot versus rotational phase. Folding is done with the rotational period from the RV jitter of 54.4 d.



	[image: thumbnail]	Fig. 5 Synthetic fits for the 8000-Å CN region of λ And (gray shaded region is excluded for the fits). The diamond symbols are a phasemedian spectrum corrected for telluric contamination. The lines are fits with three different 12C/13C isotope ratios. The figure represents only one example of fits. Stellar parameters were kept fixed to (Teff, log g, [Fe/H], ξt, v sin i) = (4660, 2.80, −0.59, 2.00, 7.1) in the usual units using a relative nitrogen abundance ΔA(N) of −0.40. In the case shown, we used the atomic and molecular line list of Plez (2012). The adopted best average from six parameter combinations is 12C/13C=30±5 (the fit shown in the plot is with an isotope ratio of 31).



4.3 Doppler imaging results
Figure 6a shows our Doppler image in orthographic projection at five equidistant rotational phases (first and last image are for the same phase). Figure 7 plots it in pseudo-Mercator projection. There are no polar spots during this one observing window in May-June 2022 nor are there bright faculae reconstructed. Our map indicates a four-spot surface structure at nearly all latitudes with one spot dominating. This spot, denoted spot A, appears with its center at a latitude of around +40º . Its temperature contrast is up to ≃1000 K cooler than the photosphere in its central (dubbed umbral) area. Its two-temperature structure is a persistent feature of all our trial reconstructions but we nevertheless deem it uncertain due to the low line broadening of λ And. We note that such a sunspot-like morphology had been reconstructed also for the active solar-type single star EK Dra (Järvinen et al. 2018) and could be potentially real. The other three spots, denoted B–D, appear comparably weaker and warmer than spot A with temperature contrasts of ≃300 K cooler than the photosphere. Spot D, the weakest of the four, is still consistently reconstructed but its existence is considered uncertain given the small v sin i. Table 2 summarizes the parameters for the four features; location, temperature, and occupied area in units of the visible surface. The spot area is calculated by segmentation of the image with the given temperature values per pixel following Kővári et al. (2024).
The umbral part of spot A at a longitude of −290° occupies an area of 5% of the hemisphere. However, the spot is more than three times larger if we also consider its penumbral part, which extends towards the equator. This penumbral part of spot A is reconstructed with an average temperature contrast of ≈ 300 K equal to the other spots. The umbral temperature for spot A is consistent with what had been reconstructed previously from photometry (by Donati et al. 1995, ≈800–1000 K) and interferometry (by Parks et al. 2021, ≈800–1200 K) for other epochs. While light-curve temperature fitting relies on the rotationally-modulated color amplitude, mostly B – V, the interferometric temperature contrast is reconstructed implicitly from the H-band (1.65 µm) visibilities and closure phases. Its errors are not available. Because surface parameters cross talk during image reconstruction, it is not clear how well the temperature contrast had been defined in the interferometric images. Nevertheless, the three different tracers (broad-band photometric, optically thin spectral line profiles, and H-band visibility) all agree around a spot temperature of 1000 K cooler than the photosphere.
Inside of such cool spots, the molecular bands are formed as shown in the simulations by, for example, Strassmeier & Steffen (2022). TiO bandheads at 7055 Å or 7088 Åare typically used as an identifier of the cool spots on the stellar surface. For λ And, we do not detect the TiO bandheads, during the passage of the spot A. The reason for this is that the surface temperature of λ And is just too high for such detection (Strassmeier & Steffen 2022). On top of this, the spectral lines are blended by the telluric lines in that region. These two effects prevent this observation from occurring in our data.
The second spot, spot B, at a longitude of 5°, appears below the equator centered at ≈−20°. It occupies an area of just 8% and appears close to the central meridian at rotational phase zero. The third spot, spot C, at a longitude of 240°, appears also centered at a negative latitude similar to spot B but stretches across the equator. In terms of occupied area of the visible hemisphere, spot A and spot C occupy the most area and both display approximately 20% of areal coverage. Spot D is the smallest among the resolved surface structures with an area of5% at a longitude near 60° and latitude around +35° with a temperature contrast of as small as 80 K, which is close to our likely detection limit of ≈50K depending on rotational phase.
Figure B.3 in the Appendix compares the observed SVD profiles with the Doppler-imaging reconstructions. On the left hand side of the figure, we overplot the observed and calculated SVD profiles in different colors (red and black, respectively). The middle panel shows the O – C residuals as a function of phase. As indicated, our Doppler data set comprises in total 40 observational phases for the single rotation of 54.4 d. While this phase sampling is very good, we emphasize that the rather small v sin i of 7 km s−1 is of the same order than the radial-tangential macro turbulence (≈5 km s−1) which together lead to a line profile of width ≈9 km s−1. The impact of the Doppler effect is thus comparably small and spot bumps cannot be easily traced by eye anymore. Therefore, the best fit calculated from the SVD profiles is likely sensitive also to other intrinsic velocity fields of the star, for example, anisotropic macro turbulence.
This is believed to be seen during the first seven phases of our Doppler data set when the dominating spot A is best visible. The fits to these seven line profiles are not as good as for the other phases and even display a systematic change with progressing phase. We recall that the basic stellar parameters for λ And were predetermined and then fixed during the inversion, notably v sin i and macro turbulence. It usually restricts us to employ globally averaged stellar parameters, which usually is not an issue with the typically large rotational line broadening for DI applications. However, in case of λ And, the line profiles are likely influenced by velocity fields from the vicinity of the dominating spot A, maybe similar to the in- and outflow morphology of Sunspots (e.g., Solanki 2003). While we cannot implicitly solve for such an anisotropy during the inversion due to the cross talk with the (already small) rotational Doppler effect, we may mitigate its impact by adapting different values of its global macro turbulence broadening for the (seven) phases in question. Such rotational phase-dependent line broadening had already been noticed by Donati et al. (1995) (refer to Fig. 10 in their paper). However, Donati et al. (1995) interpreted this activity-related change as extra Zeeman line broadening.
Figure 8 shows the RMS values for each line profile from the Doppler image and compares it with the independent v sin i measurements from ParSES (Fig. 8a). Figure 8b shows the RMS from the initial Doppler-image fits with no change of macro turbulence while Fig. 8c shows the improved RMS values including adaptive broadening for the first seven phases of the inversion. Because the synthetic SVD profiles were shallower than the observed ones for the first four phases (φ = 0.001, 0.019, 0.038 and 0.056), we decreased the nominal macro turbulence by 1 km s−1 to 4 km s−1 for these four phases, that is less broadening. For the other three phases (φ = 0.167, 0.185, 0.203) that show the largest RMS deviations, we increased the macro turbulence by 2 km s−1 to 7 km s−1 as the synthetic SVD profile cores appeared deeper than the observed ones, that is, we applied more broadening. This enabled lower RMS values for those phases as demonstrated in Fig. 8c. We emphasize that the variable line broadening is also seen from the SVD-independent ParSES v sin i fits, where the fitted values changed by up to 20% during this epoch. It was these v sin i deviations that set our choice of correcting just the first seven phases (and not the following phases).
We interpret the variable line broadening with an anisotropic turbulence component due to a moat-like flow around spot A. As shown in Fig. 8a, the largest broadening (interpreted as v sin i) is measured when spot A is seen face-on in the direction of the observer. The O − C discrepancy of the SVD-profile fits during DI is also largest when spot A passes the central meridian.
This suggests that the different broadening is indeed an activitydependent feature likely related to the magnetic field of this one giant starspot. An anomalous effect is also seen in the RV residuals versus phase in Fig. 6b, where the residuals show a change from positive to negative RVs at the time of the meridian passage of spot A.
The disk-integrated Doppler map converts to a rotational modulation of the photospheric temperature with an amplitude of just ≈35 K. This relative temperature change agrees well with the Teff change obtained from the independent ParSES spectrumsynthesis fits of the STELLA spectra in Fig. 4, which gives ≈30 K. However, we caution that our disk integration is only for guidance because we used SVD line profiles for the map which are built from line profiles spanning several thousands of Angstroems.
	[image: thumbnail]	Fig. 6 Doppler image, radial velocities, and chromospheric activity of λ And. Our Doppler image (panel a) is compared with the RV residuals (panel b) and the chromospheric Ca II IRT (8542 Å) line core flux (panel c). The Doppler image is from PEPSI spectra only and shows four spots, or spotted regions, identified with letters A–D. RVs correlate well with the location of the four cool spots and almost anti-correlate with the chromospheric Ca II IRT emission. The shown RVs and activity data are from the same time-coverage than the Doppler image (May-June 2022).



	[image: thumbnail]	Fig. 7 Mercator projection of the surface of λ And. The thick marks at the bottom indicate the phase of the observations. The red-shaded region below a latitude of −70° is invisible due to the inclination of the rotational axis of the star of 70°.



Table 2 
Spots on λ And in May-June 2022.

	[image: thumbnail]	Fig. 8 Line broadening and RMS residuals from Doppler imaging. Panel a: individual v sin i measures obtained from ParSES. Panel b: RMS values of the SVD profiles from the initial Doppler imaging. Panel c: same as panel b but after applying a variable macroturbulence broadening for the first seven phases. The grey markers indicate the seven phases where this was done.



5 Chromospheric activity and longitudinal magnetic field
5.1 Line-core fluxes in Ca II H&K, Ca II IRT, Hα, and Hβ
Relative fluxes in a 1-Å band centered on the central wavelength of the Ca II H (3933.7 Å) and K (3968.5 Å) lines were measured for all STELLA spectra (the PEPSI spectra did not cover this wavelength range). The same relative 1-Å line-core fluxes were also measured for the Ca II infrared triplet (IRT) at 8498, 8542, and 8662 Å dubbed IRT-1, IRT-2, and IRT-3, respectively. For the latter wavelength range, we can make use of both STELLA and PEPSI spectra. Additionally, 1-Å line-core fluxes were also determined for Hα (6562.8 Å) and Hβ (4861.3 Å). Both Balmer transitions appear in absorption for λ And. For the latter wavelength range, we can again make use of STELLA and PEPSI spectra.
Our relative flux measurements are done by simply integrating the area between zero and the spectrum in a 1-Å band. Its errors mostly depend on the spectrum normalization during the data-reduction process. For λ And, we matched all STELLA spectra to the continuum from the PEPSI spectra determined by a two-dimensional optimized extraction process included in its nominal data reduction. Hβ is blended with strong photospheric absorption lines, in particular from the Cr I Fe I pair around 4861.9 Å. We did not correct for this blending.
Absolute emission-line fluxes are then obtained by multiplying the 1-Å relative fluxes with the absolute continuum flux taken from the relations provided by Hall (1996). The logarithmic continuum fluxes for λ And’s B – V = 1.01 were thus fixed to 6.2060, 6.3911, and 6.4462erg cm–2s–1 per Å for Ca II H&K, Ca II IRT, and Hα, respectively. No absolute calibration exists for Hβ. Phase-average values and rotational-modulation amplitudes are summarized in Table 3. Radiative losses are determined from the sum of the respective emission-line fluxes normalized to the bolometric luminosity and are 1.171 ×10–4 for Ca II H&K and 1.328×10–4 for Ca II IRT. Its errors are dominated by the error of Teff (around 10%) and the uncertainties of the absolute flux calibration (20–30%).
5.2 Rotational modulation of line-core fluxes
All seven chromospheric tracers show a consistent phasedependent variability with maximum flux near phase φ = 0.2 and a broad minimum around phase 0.7. Figure B.2 in the Appendix demonstrates the coherent rotational modulation for the entire time range of our data from January 2021 to July 2022.
Figure 6c compares the Ca II IRT (8542 Å) emission-line flux with the Doppler image and the RV jitter. In this case only data from the time epoch of the one single stellar rotation in May– June 2022 were used. Its comparison emphasizes the spatial relation between the Ca II IRT line emission and the cool spots. Spot A is responsible for the maximum chromospheric emission-line flux, while the least-spotted appearance at phase 0.75 (see Fig. 6a) coincides with the time of minimum chromospheric flux. We note that our DI had not reconstructed any features warmer than the photosphere that we could interpret as faculae. However, iMAP had repeatedly shown to be able to reconstruct such features, if present, from optically thin absorption lines, for example for the RS CVn binary II Peg (Strassmeier et al. 2019). For λ And, we attribute the lack of bright features in our imaging partly to the low rotational line broadening and its vulnerability to anisotropic macro turbulence (and other velocity fields). The non-detection thus remains preliminary.
Table 3 
Logarithmic absolute emission-line fluxes in erg cm–2s–1 for λ And.

Table 4 
Magnetic field measurements for λ And.

5.3 Snapshot longitudinal magnetic field
Magnetic field measurements are obtained from four high- resolution PEPSI Stokes-V spectra from four different days in years 2017, 2022, and 2024. The spectra from different cross dispersers (see Table 4) were line averaged with a Least Squares Deconvolution (LSD) technique by using the VALD-3 line list, in a similar way that, for example Kochukhov et al. (2010) has applied. These LSD line profiles are shown in Fig. 9a.
We obtain a disk-integrated mean longitudinal magnetic field of –0.51 ± 0.26 G for October 2017 and +0.54 ± 0.20 G for January 2022. In October 2024, we found higher values of –2.72 ± 0.34 G and +2.66 ± 0.35 G, in all cases following the notions in Solanki & Stenflo (1984). The integrated absolute (unsigned) values, |B|, are 4.0 G and 2.0 G for 2017 and 2022, respectively, and 10.2 G and 11.4 G for 2024. We used an equivalent wavelength of 5840 Å and a Landé factor of 1.22 while calculating the LSD profiles. The signed mean values for 2017 and 2022 are only about twice as large as the strongest Sun-as-a-star values that were recently measured by Strassmeier et al. (2024). However, the Stokes-V spectrum of λ And from Jan. 2022 exhibits a more complex LSD profile than the Sun-as-a-star with two minima and two maxima with a full amplitude of 1.5 × 10–3, which is ten times larger than for the Sun-as-a-star.
Figure 9b shows the Stokes-V integrated magnetic-field profiles following the procedure of Solanki & Stenflo (1984). It indicates two (strong) positive-polarity regions and at least two (weaker) negative-polarity regions being present on the projected stellar disk at the same time in Jan. 2022. The Stokes-V profile from Oct. 2017 appears with only one central minimum and two adjacent maxima and looks thus similar to profiles from 2016 in Ó Fionnagáin et al. (2021). Its integrated profile suggests only a single positive and a single negative polarity on the visible disk. The Jan. 2022 profile, that is close in time to our Doppler image, shows for the two maxima a velocity difference of 10.7 km s–1, while the two minima show a similar separation of 9.2 km s–1. This indicates that we have likely two active regions but each of a bipolar structure. Such a complex profile was not among the ones used for the ZDI map in Ó Fionnagáin et al. (2021) from 2016. We note that the one big spot A in our contemporaneous Doppler image was not visible during neither of our two magnetic-field measurements.
Regarding the unsigned mean field, Strassmeier et al. (2024) measured a disk-averaged line-of-sight magnetic field of the Sun- as-a-star of +0.37 G with PEPSI that related to an unsigned mean field of ≈13 G as deduced from a nearly simultaneous full-disk line-of-sight SDO1 magnetogram. Assuming such solar scaling for λ And, we may expect a true unsigned large-scale (mean) field on the surface of λ And of as large as ≈100 G. Figure 10 indicates a |B| trend paralleling the predicted photometric cycle variability with a minimum near the year 2021.
	[image: thumbnail]	Fig. 9 Stokes-V profiles for λ And. (a) PEPSI LSD line profiles in units of normalized intensity. (b) Integrated Stokes-V profiles in units of Gauss. Shown are our two snapshot observations from October 2017 (black), January 2022 (red) and two measurements from October 2024 (blue and green). The observation contemporaneous to our Doppler image (May–June 2022) shows a very complex integrated field structure with two large bi-polar regions on the surface visible at the same time.



	[image: thumbnail]	Fig. 10 Long-term magnetic field measurements (shown in red symbols) and possible cyclic changes. A likely cycle period of 14 years from photometry (Mirtorabi et al. 2003) from 1976–2002 was adopted. They identified two activity peaks in 1986 and 2000 (indicated with two vertical lines). Two versions of an assumed sinusoidal variation with a maximum amplitude of |B| of 20 and 35 G are shown. The respective minimum value was set to 2 G which is the minimum of the measured absolute magnetic flux in 2022. Our field measurements coincided with a time of activity minimum.



6 Discussion and summary
6.1 Rotational modulation of orbital RV curves
Numerical simulations of spot-related RV modulation (loosely referred to as RV jitter) by Boisse et al. (2011) had shown that a two-spot structure on a rotating star leads to three peaks in the Lomb–Scargle periodogram. The highest peak appears at the rotational period of the star and the others at half and one- third of this period. Boisse et al. (2011) also showed that the modulation has the shape of a single-sinusoidal curve when the longitude difference of two spots is 60°, and a double-sinusoidal curve if that difference is 120°, with RV amplitudes of ≈25 and 50 m s–1, respectively. Spot size was 1% of the visible surface. Our observed spot structure for λ And is more complicated than such a model but the average longitudinal difference between the consecutive spots A, B, and C is about ~75°, that is in between the two-spot structure in the simulations of Boisse et al. (2011). Our observations of λ And confirm this with even four spots on the stellar surface (see Fig. 2).
The effects of (bright) faculae and (dark) spots on RV residuals were simulated and discussed most recently by Zhao & Dumusque (2023). Depending on which component is dominating, the shape of the respective RV curve is different while the combined effects spots+faculae almost annihilate each other and suppress the total residual RV amplitude. For a K2 star with an effective temperature of 5100 K, and a 1% areal coverage for both spots and faculae, Zhao & Dumusque (2023) predict residual RV amplitudes between 1–4 m s–1 for sunspotsized starspots. In Fig. 6b, the peak-to-valley RV amplitude for λ And is ≈500 m s–1. Even if we scale the simulated spot size up by a factor ten to match the λ And observations, the predicted RV amplitudes are still a factor ten below the observation.
The shape of the RV curve of λAnd between rotational phases φ=0.3–0.5, where spot C is entering the line-of-sight, changes more irregularly than during the passage of the dominating spot A at around phase 0.2. A similar irregular change appears after half a rotation when spots B and D are visible. This suggests that the spots on λ And are always accompanied by a dynamic surrounding photosphere. Albeit faculae are not identified in our (photospheric) Doppler image, we see the clear rotational modulation of chromospheric tracers in phase with the spot locations. It suggests a large-scale chromospheric inhomogeneity, likely due to individual plages right above the photospheric spots. However, the large residual RV amplitude of ≈500 m s–1 indicates that it is more likely that local velocity fields in and around spots are the main contributor to the RV jitter. The simulated RV curves from a combination of solar-like faculae/plages and spots, together with the associated suppression of the convective blue shift, is likely still present but approximately a factor ten weaker than the spot-related surface dynamics.
6.2 Impact of spots on RV-based binary orbits
Removing the rotational modulation from the orbital RV curve of λ And lowered the effective error of an observation of unit weight from 134 m s–1 to 57 m s–1. Element errors were lowered on average by a factor two to three after the spot correction, which enables us to have a precise mass function of just 0.000604±0.000002. However, what is important for λ And is that the new accuracy possibly allows a glimpse into more subtle surface forces of orbital-rotational synchronization.
The very small but still non-zero eccentricity (by 50σ) seems most readily be explained by (normal) tidal effects subsequent to the star formation (e.g., Hut 1981). The fact that the relatively slow and sub-synchronous rotation of λ And is still accompanied by strong magnetic activity suggests the excess orbital energy (over a circular orbit) is likely used in λ And for extra stirring the convective surface layers. While speculative it would qualitatively explain the non-solar large-scale magnetic activity seen in the ZDI of Ó Fionnagáin et al. (2021) as well as our observation of spot-related enhanced surface dynamics.
6.3 About long-term orbital period variations
The orbital period of 20.520394±0.000041 d in Table 1 had been reconciled from all existing RV data, covering basically 120 yr. When we use only the STELLA and PEPSI RVs, covering 522 d, the best-fit orbital period is shorter by 23σ, 20.5191±0.0012 d. As Applegate (1992) suggested, a long-term modulation of the orbital period of an active binary, ∆P/P, could amount to ~10–5 due to the activity-dependent distortion of the gravitational quadrupole moment. Assuming above period difference of 23σ is real, it could be interpreted as an orbital period modulation of ∆P/P ~ 6.3 × 10–5. However, we note that the earlier period determinations by Walker (1944) and Burns (1906) are not precise enough for a comparison at the 10–5 level.
In order to check for a possible third body bound to the system, we analyzed the RV residuals after spot correction for remaining periodicities. These RV residuals are shown together with its LS periodogram in the Appendix in Fig. B.1. We did not detect any indication for a third body in the time window given, neither a periodicity nor a trend, which could have been a hint for the grossly asynchronous behaviour of the orbital and the rotational dynamics. Our activity corrected orbital rms error of 57 m s–1 is comparable to the residual 48 m s–1 error for V830 Tau obtained by Donati et al. (2016) after filtering its activity and exoplanet signals. However, it is principally possible that the residual RV variations are still camouflaged by the imperfect subtraction of the dynamic stellar activity by using a static spot model. Repeated orbital observations and determination of the orbital elements will eventually help draw a conclusion about the existence of a third body.
6.4 Photospheric and chromospheric surface activity
Ca II H&K and Hα variability of λ And had already been found to correlate well with its rotation period (Baliunas & Dupree 1982). Our data now show this also for the calcium infrared triplet and Hβ. While the absolute emission line fluxes of λAnd are comparable in strength to those for the active Sun-as-a-star, despite the two star’s ≈1000-K surface temperature difference, the chromospheric radiative losses in units of the respective bolometric luminosity are ≈50% higher than for the Sun.
Our Doppler map, together with the paralleled modulation of the emission-line fluxes, suggests a tight spatial relation of the large photospheric spots with the regions of chromospheric line emission. The latter remain disk unresolved from our data but are likely from a combination of a global chromospheric network and localized plages, as is the case on the Sun. Both observations, the amount of chromospheric radiative losses and their correlation with the morphological features (i.e., spots) on λ And, are explainable by scaled solar activity.
Similar may apply to macro turbulence for λ And. We recall that our best-fit values for the rotational line broadening and for macro turbulence line broadening is 7.0 km s–1 and 5.0 km s–1, respectively. This means that our DI line-profile fits are sensitive to macro turbulence and its radial-tangential component structure since its vector sum is almost as large as the rotational broadening. Our adopted macro turbulence is still uncertain by ±1 km s–1 , which is an annoying 20% because it depends on the spot distribution on the stellar surface. This makes it more difficult to reach a near-perfect fit between the observed and the computed SVD line profiles, which is already demanding given the very high S/N. Because we input macro turbulence explicitly by adding a fixed broadening to the local line profiles prior to inversion, we usually neglect the effects of, for example, latitude dependent turbulence that may (or may not) show up with different radial tangential components at different latitudes.
The observed phase-dependent line broadening together with our DI line-profile fits indicate that the global macro turbulence must be anisotropic, in case of λ And being basically related to spot A. We interpret this anisotropy with a moat flow (e.g., Toner & Gray 1988) around spot A. Our DI reconstructs spot A with a large penumbra in the form of lowered temperature. However, we emphasize that our DI cannot take into account local surface velocity fields. The inversion would interpret profile deviations always as a temperature difference (if the spot-bump amplitude allows this). Otherwise, it would show up as a phase-dependent lowered fit quality. This is the case during the meridian passage of spot A as shown in Fig. 8b. The line profiles for these phases required a change of broadening of order 1–2 km s–1 with respect to the nominal macro turbulence.
Ó Fionnagáin et al. (2021) showed with their ZDI map from 2016 that the strongest magnetic activity came entirely from equatorial latitudes within approximately ±40°. The resolved spots in our Doppler image appear between latitudes –40° to +70° including the range seen in the ZDI. Despite global magnetic activity usually being best seen from the radial field component, the λ And ZDI showed an equally strong azimuthal component originating, similar to the radial component, solely from equatorial regions but being of only positive polarity. However, it appears that the stellar latitudes in the ZDI by Ó Fionnagáin et al. (2021) are not well constrained, if at all, as indicated by their unsatisfactory reduced-chi-square fit to the Stokes-V profiles. The authors attributed this to unaccounted surface differential rotation and intrinsic field changes.
Our Doppler image shows a total spot coverage of between 5% to 20% of the visible surface. This range is comparable to the findings of Parks et al. (2021) and Martinez et al. (2021) from interferometric imaging. The detailed surface distribution in our Doppler image from May-June 2022 is different to the interferometric images though, which were obtained in 2010 (11 nights spanning 39 days) and 2011 (6 nights spanning 22 days). In both papers, Parks et al. (2021) and Martinez et al. (2021), there are multiple spots reconstructed within latitudes of 0–30° (maybe with one exception of a weaker spot at approximately –30° in 2011). Spot temperatures of as cool as 1200 K from H-band interferometry appear generally comparable with DI but are formally lower by 200 K than even for our coolest spot A. In both the 2010 and 2011 epochs, Martinez et al. (2021) indicated that the coolest spots appeared near +20–30° latitude. Our Doppler image shows the dominating spot at slightly higher latitude of +40°. In the opposite hemisphere, below the equator, our Doppler image resolves two more spots at a latitude of –20° and –40° (spots B and C, respectively) comparable to the one spot at –30° in the interferometric image from 2011. Besides, the interferometric images reconstructed no dominant spot concentration in the opposite hemisphere below the equator. This kind of north-south asymmetry had been interpreted by Martinez et al. (2021) as evidence of a non-solar dynamo.
6.5 Surface magnetic field and magnetic braking
ZDI of λ And by Ó Fionnagáin et al. (2021) revealed a strong large-scale magnetic field with an average unsigned field strength of 21 G (in 2016), with most of the magnetic energy in the radial component. Its low-latitude azimuthal field component even formed an unipolar ring around the entire stellar surface. Our (snapshot) measurements yield a mean longitudinal field Bl=2.6 G in 2022 (and 3.9 G in 2017), compared to the maximum of the time series in 2016 of 13.7 G (Ó Fionnagáin et al. 2021). The new high-resolution Stokes-V/I profiles from PEPSI hint toward a more complex surface field geometry than previously observed.
The currently detected unsigned mean magnetic field of ≈10 G supports the hypothesis that magnetic braking had and still is working in the λ And system, and that it likely had outperformed the counteracting tidal forces all along as had already been emphasized by Donati et al. (1995) and modelled by Garraffo et al. (2015, 2018). As Donati et al. (1995) calculated, a mean magnetic field should be greater than ≈30 G in order to make magnetic braking faster than synchronization. On the other hand, Garraffo et al. (2015) showed numerically that for the most efficient angular momentum loss, the spot locations should be distributed in lower latitudes. That condition seems to be confirmed by our Doppler image. The current best explanation for the asynchronous rotation of λ And is thus magnetic braking. Unfortunately, our current observations are not fully conclusive and do not yet constrain a specific value for the fraction of open versus closed magnetic field lines and its associated mass loss.
Important in the connection with the system’s asynchro- nism may be that the orbit of λ And has a remaining non-zero eccentricity (e = 0.0607 ± 0.0012), meaning that perfect orbital circularisation has not yet been achieved. Tidal theory predicts that synchronisation should have occurred before circularisation (e.g., Hut 1981). While the SB1 mass function in Table 1 is of very high precision (and likely accuracy) we still need to know the primary mass from an independent source in order to determine the secondary-star mass from the mass function. This can be done from the physical radius and gravity of the primary. Our best nominal values from Sect. 4.2 suggest a mass of [image: equation], where the errors are dominated by the gravity error. While there are consistent gravity determinations, albeit with large errors, basically ranging between log g of 2.5 and 3.1 (cm s–2), the inferred radii range from 6.40 ± 0.16 R⊙ based on V, Teff, and the Gaia DR3 parallax to 8.0 ± 0.4 R⊙ based on v sin i, i, and Prot. If we adopt log g = 2.8 ± 0.2 and R = 6.40 R⊙, we obtain a primary mass of only 0.94 ± 0.32 M⊙. If we adopt R = 8.0 R⊙ (same log g value), we obtain a mass of 1.47 ± 0.44 M⊙. These values convert to secondary masses in the range 0.086 to 0.115 M⊙ and mass ratios q = M2/M1 of 0.09 to 0.08, respectively, suggesting a companion that is barely above the hydrogen-burning limit of ≈ 0.075 M⊙. The unseen secondary of λ And is thus most likely a L-type brown dwarf.
7 Conclusions
In this paper, we present and analyze a data set made from R=250 000 PEPSI spectra taken continuously over 55 consecutive nights in 2022. These data were accompanied by R=55 000 STELLA spectra taken contemporaneously over 522 nights in 2021–2022. The PEPSI data enabled for the first Doppler image of the surface of λ And. Our conclusions are as follows.
Firstly, active-binary orbits are influenced by the RV modulation due to spots and must be reconsidered in case a more detailed comparison with dynamic evolutionary models is planned.
Secondly, opposite to the RV models of solar-like stars (e.g., Zhao & Dumusque 2023), the amplitude of the RV jitter on λ And is more than ten times larger than predicted and is accompanied by excess line broadening. We interpret the latter as anisotropic macro turbulence due to a spot-related moat flow and conclude that future Doppler-imaging studies should incorporate local velocity fields.
Thirdly, λ And shows spatial coexistence of photospheric spots and the sources of chromospheric line emission. Seven spectral chromospheric tracers agree on a stable nature of its emission sources during our 522-d observing window. This also suggests that the underlying large-scale magnetic field morphology remains comparably stable as well. We conclude that, on the one hand, λ And may run a more chaotic dynamo compared to the Sun but, on the other hand, exhibits a fairly stable surface morphology. Whether this is a contradiction or being expected must be clarified in future dynamo simulations of active giant stars (e.g., Brun & Palacios 2009; Inceoglu et al. 2019). Besides, we did not detect any phase-coherent modulation of activity with the orbital period nor with the presence of a third body.
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	[image: thumbnail]	Fig. B.1 Panel a: Orbital RV residuals after the spot correction. Panel b: Lomb–Scargle periodogram of the residuals in panel a (red line) compared with the periodogram before spot correction (gray line). The rotation period of the primary of 54.4 d and its aliases are clearly seen from the residuals but are absent after the correction.



	[image: thumbnail]	Fig. B.2 Phase folded chromospheric activity tracers for the time period January 2021 to July 2022. From top to bottom: Ca II IRT, Ca II H&K, Hα, and Hβ. Only relative fluxes are plotted.



	[image: thumbnail]	Fig. B.3 Singular value decomposition line profile fits from iMAP. Left panel: Observed line profiles (red line) and synthetic profiles (black dotted lines). Middle panel: Residuals from the iMAP fits with a single fixed macro turbulence. Right panel: Residuals when a macro turbulence change is applied to the first seven phases (see text). Numbers on the right side of each panel indicate the rotational phase.
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	[image: thumbnail]	Fig. 1 Radial velocities of λ And from STELLA+SES and VATT+PEPSI. In the upper panel, the orbital fit is plotted as a black line along with the data. STELLA+SES observations are indicated with dark blue circles; VATT+PEPSI observations are plotted in red triangles. In the lower panel the RV residuals are shown after removing the predicted orbital velocities. The thick grey line emphasizes the rotational modulation by applying a three-sinusoidal fit to the RV residuals.
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	[image: thumbnail]	Fig. 2 Lomb-Scargle periodogram for the RV-residuals from Fig. 1. The strongest peak at 54.41 d is attributed to the rotation period of the primary component. Two other peaks are found near P/2 and P/3.
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	[image: thumbnail]	Fig. 3 Phase folded RV curves for λ And. a: before removing the spot signal and b: after removing the spot signal. The maximum and minimum RV regions are enlarged for better viewing. The overall RMS decreased by a factor two.
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	[image: thumbnail]	Fig. 4 Effective temperature of λ And from ParSES. Upper panel: plot versus time throughout the 522d of observation in 2021-2022. Lower panel: plot versus rotational phase. Folding is done with the rotational period from the RV jitter of 54.4 d.
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	[image: thumbnail]	Fig. 5 Synthetic fits for the 8000-Å CN region of λ And (gray shaded region is excluded for the fits). The diamond symbols are a phasemedian spectrum corrected for telluric contamination. The lines are fits with three different 12C/13C isotope ratios. The figure represents only one example of fits. Stellar parameters were kept fixed to (Teff, log g, [Fe/H], ξt, v sin i) = (4660, 2.80, −0.59, 2.00, 7.1) in the usual units using a relative nitrogen abundance ΔA(N) of −0.40. In the case shown, we used the atomic and molecular line list of Plez (2012). The adopted best average from six parameter combinations is 12C/13C=30±5 (the fit shown in the plot is with an isotope ratio of 31).
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	[image: thumbnail]	Fig. 6 Doppler image, radial velocities, and chromospheric activity of λ And. Our Doppler image (panel a) is compared with the RV residuals (panel b) and the chromospheric Ca II IRT (8542 Å) line core flux (panel c). The Doppler image is from PEPSI spectra only and shows four spots, or spotted regions, identified with letters A–D. RVs correlate well with the location of the four cool spots and almost anti-correlate with the chromospheric Ca II IRT emission. The shown RVs and activity data are from the same time-coverage than the Doppler image (May-June 2022).
In the text



	[image: thumbnail]	Fig. 7 Mercator projection of the surface of λ And. The thick marks at the bottom indicate the phase of the observations. The red-shaded region below a latitude of −70° is invisible due to the inclination of the rotational axis of the star of 70°.
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	[image: thumbnail]	Fig. 8 Line broadening and RMS residuals from Doppler imaging. Panel a: individual v sin i measures obtained from ParSES. Panel b: RMS values of the SVD profiles from the initial Doppler imaging. Panel c: same as panel b but after applying a variable macroturbulence broadening for the first seven phases. The grey markers indicate the seven phases where this was done.
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	[image: thumbnail]	Fig. 9 Stokes-V profiles for λ And. (a) PEPSI LSD line profiles in units of normalized intensity. (b) Integrated Stokes-V profiles in units of Gauss. Shown are our two snapshot observations from October 2017 (black), January 2022 (red) and two measurements from October 2024 (blue and green). The observation contemporaneous to our Doppler image (May–June 2022) shows a very complex integrated field structure with two large bi-polar regions on the surface visible at the same time.
In the text



	[image: thumbnail]	Fig. 10 Long-term magnetic field measurements (shown in red symbols) and possible cyclic changes. A likely cycle period of 14 years from photometry (Mirtorabi et al. 2003) from 1976–2002 was adopted. They identified two activity peaks in 1986 and 2000 (indicated with two vertical lines). Two versions of an assumed sinusoidal variation with a maximum amplitude of |B| of 20 and 35 G are shown. The respective minimum value was set to 2 G which is the minimum of the measured absolute magnetic flux in 2022. Our field measurements coincided with a time of activity minimum.
In the text



	[image: thumbnail]	Fig. B.1 Panel a: Orbital RV residuals after the spot correction. Panel b: Lomb–Scargle periodogram of the residuals in panel a (red line) compared with the periodogram before spot correction (gray line). The rotation period of the primary of 54.4 d and its aliases are clearly seen from the residuals but are absent after the correction.
In the text



	[image: thumbnail]	Fig. B.2 Phase folded chromospheric activity tracers for the time period January 2021 to July 2022. From top to bottom: Ca II IRT, Ca II H&K, Hα, and Hβ. Only relative fluxes are plotted.
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	[image: thumbnail]	Fig. B.3 Singular value decomposition line profile fits from iMAP. Left panel: Observed line profiles (red line) and synthetic profiles (black dotted lines). Middle panel: Residuals from the iMAP fits with a single fixed macro turbulence. Right panel: Residuals when a macro turbulence change is applied to the first seven phases (see text). Numbers on the right side of each panel indicate the rotational phase.
In the text





    
      Fig. 1 
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        Radial velocities of λ And from STELLA+SES and VATT+PEPSI. In the upper panel, the orbital fit is plotted as a black line along with the data. STELLA+SES observations are indicated with dark blue circles; VATT+PEPSI observations are plotted in red triangles. In the lower panel the RV residuals are shown after removing the predicted orbital velocities. The thick grey line emphasizes the rotational modulation by applying a three-sinusoidal fit to the RV residuals.
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        Lomb-Scargle periodogram for the RV-residuals from Fig. 1. The strongest peak at 54.41 d is attributed to the rotation period of the primary component. Two other peaks are found near P/2 and P/3.
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        Phase folded RV curves for λ And. a: before removing the spot signal and b: after removing the spot signal. The maximum and minimum RV regions are enlarged for better viewing. The overall RMS decreased by a factor two.

      

    

  
    
      Table 1 

      Orbital elements for λ And.

      
        


	Parameter
	This paper, Spot-uncorrected
	This paper, Spot-corrected
	Walker (1944)
	Burns (1906)





	Porb (d)
	20.520394±0.000041
	20.5212±0.0003
	20.546



	K (km s−1)
	6.568±0.018
	6.5815±0.0076
	6.64±0.17
	7.07±0.16



	γ (km s−1)
	6.971±0.012
	6.977±0.005
	6.84±0.12
	7.43±0.10



	T0 (BJD)
	2 459 696.53±0.13
	2 459 696.372±0.056
	2 429 202.39±0.48
	2 416 683.46±0.39



	e
	0.0602±0.0028
	0.0607±0.0012
	0.040±0.024
	0.086±0.018



	ω (deg)
	339.5±2.3
	336.8±1.0
	313.6±8.9
	301.0±7.6



	a1 sin i (Mkm)
	1.8499±0.0051
	1.8536±0.0021
	1.872
	1.990



	f(m)
	0.000601±0.000005
	0.000604±0.000002
	0.0006
	…



	No. of obs.
	265
	265
	27
	28



	Error of obs. of unit weight (km s−1)
	0.134
	0.057
	0.45
	0.51





      

    

  
    
      Fig. 4 
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        Effective temperature of λ And from ParSES. Upper panel: plot versus time throughout the 522d of observation in 2021-2022. Lower panel: plot versus rotational phase. Folding is done with the rotational period from the RV jitter of 54.4 d.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Synthetic fits for the 8000-Å CN region of λ And (gray shaded region is excluded for the fits). The diamond symbols are a phasemedian spectrum corrected for telluric contamination. The lines are fits with three different 12C/13C isotope ratios. The figure represents only one example of fits. Stellar parameters were kept fixed to (Teff, log g, [Fe/H], ξt, v sin i) = (4660, 2.80, −0.59, 2.00, 7.1) in the usual units using a relative nitrogen abundance ΔA(N) of −0.40. In the case shown, we used the atomic and molecular line list of Plez (2012). The adopted best average from six parameter combinations is 12C/13C=30±5 (the fit shown in the plot is with an isotope ratio of 31).

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Doppler image, radial velocities, and chromospheric activity of λ And. Our Doppler image (panel a) is compared with the RV residuals (panel b) and the chromospheric Ca II IRT (8542 Å) line core flux (panel c). The Doppler image is from PEPSI spectra only and shows four spots, or spotted regions, identified with letters A–D. RVs correlate well with the location of the four cool spots and almost anti-correlate with the chromospheric Ca II IRT emission. The shown RVs and activity data are from the same time-coverage than the Doppler image (May-June 2022).

      

    

  
    
      Fig. 7 
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        Mercator projection of the surface of λ And. The thick marks at the bottom indicate the phase of the observations. The red-shaded region below a latitude of −70° is invisible due to the inclination of the rotational axis of the star of 70°.

      

    

  
    
      Table 2 

      Spots on λ And in May-June 2022.

      
        


	Spot ID
	Long (°)
	Lat (°)
	ΔTspot (K)
	Area (% )





	A (umbra)
	290
	+40
	1000
	5



	A (penumbra)
	
	
	300
	12



	B
	5
	−20
	280
	8



	C
	210
	−40
	230
	20



	D
	60
	+30
	80
	5





      

      
Notes. Longitudes and latitudes are given for the spot centers. The spot temperature difference is given for the coolest part of the spot. Only spot A shows a dual-temperature structure dubbed umbra and penumbra. The spot area is given in per cent of the visible hemisphere.




    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Line broadening and RMS residuals from Doppler imaging. Panel a: individual v sin i measures obtained from ParSES. Panel b: RMS values of the SVD profiles from the initial Doppler imaging. Panel c: same as panel b but after applying a variable macroturbulence broadening for the first seven phases. The grey markers indicate the seven phases where this was done.

      

    

  
    
      Table 3 

      Logarithmic absolute emission-line fluxes in erg cm–2s–1 for λ And.

      
        


	Bandpass
	Continuum flux (per Å)
	Average line flux
	Variability amplitude
	Fit rms





	Ca II 8498
	6.3911
	6.154
	0.075
	0.012



	Ca II 8542
	6.3911
	6.024
	0.070
	0.011



	Ca II 8662
	6.3911
	6.029
	0.065
	0.010



	Ca II H
	6.2060
	6.135
	0.3
	0.040



	Ca II K
	6.2060
	6.247
	0.3
	0.051



	Hα
	6.4462
	6.026
	0.035
	0.012



	Hβ
	…
	…
	0.010
	0.005





      

      
Notes. There is no empirical continuum flux calibration for Hβ. Variability amplitude and fit rms as relative fluxes in units of the continuum (= 1), see Appendix Fig. B.2.




    

  
    
      Table 4 

      Magnetic field measurements for λ And.

      
        


	BJD
	PEPSI CD#
	Phase (φ)
	Blong (G)
	|B| (G)





	2 458 042.7426
	3, 4, 5
	0.608
	–0.52 ± 0.26
	4.04



	2 459 583.5896
	3, 4, 5, 6
	0.927
	+0.54 ± 0.20
	2.03



	2 460 598.6609
	3, 5
	0.583
	–2.72 ± 0.34
	10.17



	2 460 605.9344
	3, 5
	0.717
	+2.66 ± 0.35
	11.39





      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Stokes-V profiles for λ And. (a) PEPSI LSD line profiles in units of normalized intensity. (b) Integrated Stokes-V profiles in units of Gauss. Shown are our two snapshot observations from October 2017 (black), January 2022 (red) and two measurements from October 2024 (blue and green). The observation contemporaneous to our Doppler image (May–June 2022) shows a very complex integrated field structure with two large bi-polar regions on the surface visible at the same time.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Long-term magnetic field measurements (shown in red symbols) and possible cyclic changes. A likely cycle period of 14 years from photometry (Mirtorabi et al. 2003) from 1976–2002 was adopted. They identified two activity peaks in 1986 and 2000 (indicated with two vertical lines). Two versions of an assumed sinusoidal variation with a maximum amplitude of |B| of 20 and 35 G are shown. The respective minimum value was set to 2 G which is the minimum of the measured absolute magnetic flux in 2022. Our field measurements coincided with a time of activity minimum.

      

    

  
    
      Table A.1 

      Observing log for STELLA-SES data.

      
        


	    Date (UT)
	BJD
	Orbital Phase
	Velocity [km s–1]
	O-C [m s–1]
	Rotational Phase





	    2021-08-09
	2459436.4728
	0.3345
	6.021
	166.40
	0.2235



	    2021-08-11
	2459437.5456
	0.3868
	4.100
	93.81
	0.2432



	    2021-08-12
	2459438.5085
	0.4337
	2.704
	71.24
	0.2609



	    …
	
	
	
	
	



	    …
	
	
	
	
	



	    2023-01-09
	2459954.3831
	0.5734
	0.7671
	-6.3801
	0.7417



	    2023-01-13
	2459958.3848
	0.7684
	4.7661
	47.0927
	0.8153



	    2023-01-15
	2459960.4089
	0.8670
	8.9863
	135.0966
	0.8525





      

      
Notes. Complete table is available at the CDS.




    

  
    
      Table A.2 

      Observing log for PEPSI-VATT data.

      
        


	    Date (UT)
	BJD
	Orbital Phase
	Velocity [km s–1]
	O-C [m s–1]
	Rotational Phase





	    2022-05-10
	2459709.9697
	0.6610
	1.4508
	–192.41
	0.2499



	    2022-05-10
	2459709.9832
	0.6626
	1.4597
	–196.13
	0.2501



	    2022-05-11
	2459710.9395
	0.7099
	2.5146
	–253.60
	0.2677



	    …
	
	
	
	
	



	    …
	
	
	
	
	



	    2022-06-30
	2459760.9569
	0.1473
	12.8141
	116.34
	0.1866



	    2022-07-01
	2459761.9130
	0.1939
	11.3057
	20.42
	0.2045



	    2022-07-01
	2459761.9439
	0.1954
	11.2133
	–20.20
	0.2050





      

      
Notes. Complete table is available at the CDS.




    

  
    
      Table A.3 

      Period analysis of λ And for different activity indicators.

      
        


	Activity Indicator
	PLS (days)
	PPDM (days)





	Ca II IRT-1
	54.3 ± 0.1
	54.4 ± 0.3



	Ca II IRT-2
	54.3 ± 0.1
	54.5 ± 0.2



	Ca II IRT-3
	54.2 ± 0.1
	54.4 ± 0.2



	Ca H
	54.2 ± 0.1
	54.3 ± 0.3



	Ca K
	54.2 ± 0.1
	54.3 ± 0.3



	Hα
	53.8 ± 0.4
	54.2 ± 0.5



	Hβ
	52.7 ± 1.1
	54.2 ± 1.4



	∆T
	54.3 ± 0.1
	54.3 ± 0.2



	RV residuals
	54.4 ± 0.3
	54.4 ± 0.4





      

      
Notes. Rotational period is determined by using different activity indicators with two methods; Lomb-Scargle (LS) periodogram and phase dispersion minimization (PDM). They all agree ~54 days. While Ca II IRT and Ca II H&K lines demonstrate the least deviations from the period we determined by using the RV residuals, Hα and Hβ lines show higher deviations with larger error bars.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Panel a: Orbital RV residuals after the spot correction. Panel b: Lomb–Scargle periodogram of the residuals in panel a (red line) compared with the periodogram before spot correction (gray line). The rotation period of the primary of 54.4 d and its aliases are clearly seen from the residuals but are absent after the correction.

      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Phase folded chromospheric activity tracers for the time period January 2021 to July 2022. From top to bottom: Ca II IRT, Ca II H&K, Hα, and Hβ. Only relative fluxes are plotted.

      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        Singular value decomposition line profile fits from iMAP. Left panel: Observed line profiles (red line) and synthetic profiles (black dotted lines). Middle panel: Residuals from the iMAP fits with a single fixed macro turbulence. Right panel: Residuals when a macro turbulence change is applied to the first seven phases (see text). Numbers on the right side of each panel indicate the rotational phase.
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