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Abstract

Context. Main sequence stars of spectral types F, G, and K with low to moderate activity levels exhibit a recognizable pattern known as the first ionization potential effect (FIP effect), where elements with lower first ionization potentials are more abundant in the stellar corona than in the photosphere. In contrast, high activity main sequence stars such as AB Dor (K0), active binaries, and M dwarfs exhibit an inverse pattern known as iFIP.

Aims. We aim to determine whether or not the iFIP pattern persists in moderate-activity M dwarfs.

Methods. We used XMM-Newton to observe the moderately active M dwarf HD 223889 that has an X-ray surface flux of log FX,surf = 5.26, the lowest for an M dwarf studied so far for coronal abundance patterns. We used low-resolution CCD spectra of the star to calculate the strength of the FIP effect quantified by the FIP bias (Fbias) to assess the persistence of the iFIP effect in M dwarfs.

Results. Our findings reveal an iFIP effect similar to that of another moderately active binary star, GJ 338 AB, with a comparable error margin. The results hint at a possible plateau in the Teff -Fbias diagram for moderately active M dwarfs.

Conclusions. Targeting stars with low coronal activity that have a coronal temperature between 2 MK and 4 MK is essential for refining our understanding of (i)FIP patterns and their causes.
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1 Introduction
Scientists have observed a significant difference in the composition of the solar corona and wind compared to the photosphere. In the solar corona, the elemental abundance ratio changes by a factor of 3, with a typical variation between 2 and 5 relative to the photosphere (Pottasch 1963; Meyer 1985; Feldman 1992). The elements with enhanced abundances are characterized by a low first ionization potential (FIP) and include Al, Mg, Si, Ca, and Fe (< 10 eV). This phenomenon has been detected by various means, including remote sensing techniques such as spectroscopic measurements and in situ observations, as documented by Feldman & Laming (2000) and von Steiger et al. (2000). In contrast, elements with high FIP values (⩾10 eV), such as C, N, O, Ne, and Ar, have coronal abundances similar to their photospheric values. This discrepancy in abundance is known as the FIP effect.
The FIP effect has been observed not only in our Sun but also in stars with solar-like properties, as demonstrated in several studies (Drake et al. 1994; Laming & Drake 1999; Güdel et al. 2002; Raassen et al. 2003b; Robrade & Schmitt 2009). In contrast, high activity level stars, particularly M dwarfs and active binaries, are strongly associated with an inverse FIP (iFIP) effect (Liefke et al. 2008). Younger, more active stars, such as AB Dor (K0) and especially early-G dwarfs, tend to exhibit inverse or no FIP effect, whereas older and less active stars show a solar-like FIP effect (Raassen et al. 2003a; Telleschi et al. 2005).
In a subsample of stars consisting of stars on the main sequence that have low to moderate X-ray luminosities of log LX ≤ 29, a correlation between spectral type and coronal abundances has been demonstrated: M dwarfs generally exhibit an inverse FIP effect, which transitions to a neutral FIP effect in mid-K dwarfs, and ultimately to a solar-like FIP effect in early- G dwarfs (Wood & Linsky 2010; Wood et al. 2012). M dwarfs that exhibit a FIP effect instead of an iFIP effect have not been found so far.
The model proposed by Laming (2004) provides the most comprehensive explanation for the observed FIP and iFIP effect in stars to date. This model focuses on the ponderomotive force generated by Alfvén waves, which leads to the separation of ions and neutrons within the chromosphere of the Sun and other stars.
The FIP effect is explained through resonant Alfvén waves traveling along coronal loops, as shown in the studies by Laming (2015a, 2021). The transmission of waves between the chromosphere and the corona, with energy fluxes for coronal heating in the range of 106 to 107 erg cm−2 s−1 , affects the abundance of elements in the upper chromosphere based on their ionization states. Elements with low FIP, which are predominantly ionized in the chromosphere, experience a significant increase in abundance as they ascend into the corona. The high FIP elements on the other hand, which are mainly neutral in the chromosphere, do not appear to be affected by these wave-induced processes.
In contrast, the iFIP effect is thought to be driven by the ability of upward-propagating p-modes or magneto-acoustic waves (waves driven by magnetic pressure) to undergo reflection or refraction back into the chromosphere. In the latter, the pressure of the magnetic field exceeds the thermal effects of charged particle motion, plasma β < 1 (Baker et al. 2019, 2020; Laming 2021). In addition, iFIP is more likely to occur under conditions of restricted magnetic field expansion through the chromosphere (Baker et al. 2019; Laming 2021). This is observed, for example, in stars with high filling factors1.
The filling factor of cool main sequence stars estimated from Zeeman broadening correlates with the Rossby number2 in a similar way to the activity-rotation relation (Cranmer & Saar 2011; Reiners 2012). This means that more active stars have larger estimated filling factors. This is consistent with observations of M dwarfs (e.g., Donati & Landstreet 2009; Reiners & Basri 2009). If this interpretation is correct, then stars with low magnetic activity and therefore low filling factors should display a FIP effect, while stars with high filling factors display an iFIP effect.
It has also been observed that the transition from the FIP to the iFIP regime correlates with the stellar mass, especially when excluding extremely active stars characterized by a LX of 1029 erg s−1, as shown in Wood & Linsky (2010), Wood et al. (2012), and Seli et al. (2022). The pattern also decreases as we progress to the later spectral types, eventually reaching a null effect around K5, with an iFIP effect for M stars. Although the spectral type of a star has an influence on the resulting FIP effect, it is not the only determinant of this pattern. This becomes clear when we consider the case of Proxima Centauri (M5V), which exhibits a mild iFIP. According to the study by Güdel (2004), this effect is comparable to that observed in an M0V star such as GJ 338 AB, as documented by Wood et al. (2012). If spectral type was the only determining factor, we would not expect such a similarity. Therefore, we must conclude that other factors might also play an important role in shaping the FIP pattern.
It is therefore currently unclear whether M dwarfs with a moderate activity level (27 < log LX < 28) can have low enough filling factors to display a FIP pattern, instead of an iFIP pattern, in their coronal abundances. The lowest activity M dwarfs studied for coronal abundances so far are the two stars in the moderately active wide binary system GJ 338 AB, which consists of two M0 dwarfs located at a distance of about 5 pc from the Sun. The stellar system was the subject of a Chandra-LETGS (Low Energy Transmission Grating) observation performed by Wood et al. (2012). The study showed the presence of a mild iFIP pattern in this binary star; however, the uncertainties in the measurements were large and almost encompassed the abundances in the solar photosphere.
In this study, we investigate whether or not the iFIP pattern persists in low-to-moderate activity M dwarfs by examining a critical coronal temperature range. Our study uses XMM-Newton observations to investigate the coronal abundances of the nearby M dwarf HD 223889, which is one of the lowest-active M dwarfs that is suitable for studying the iFIP effect. The paper is structured as follows: Section 2 gives an overview of the observations and the methods used for data analysis. Section 3 outlines the results of this study. Section 4 provides a detailed discussion and comparative analysis based on the findings from previous observations. The concluding remarks can be found in Sect. 5.
Table 1 
Intrinsic properties of HD 223889 taken from Stassun et al. (2019), and Gaia DR3 (Gaia Collaboration 2021) are listed respectively in Columns 2 and 3.

Table 2 
XMM-Newton data of HD 223889.

2 Observations and data analysis
The star HD 223889 (HIP 117828) is of spectral type M2.5V- M3V (Maldonado et al. 2020; Gaidos et al. 2014). The star is at a distance of 10.1 pc from the Sun (more details on the star can be found in Table 1). The stellar parameters are taken from Stassun et al. (2019), and from Gaia DR3 (Gaia Collaboration 2021). When contextualizing our results alongside other cool stars, we chose to use the effective temperature derived from Gaia DR3, as it offers a smaller margin of error, and thus provides greater precision in our comparisons.
This star was observed twice with XMM-Newton in 2020 and again in 2022. HD 223889 is a good target for this study because although it has moderate coronal activity, 27 < log LX < 28, it has an estimated mean coronal temperature higher than 2 MK (determined from the 2020 observation). At a coronal temperature of more than 2 MK, iron emission with XMM-Newton can actually be observed.
The details of the observations are listed in Table 2. To distinguish between the two observations, we refer to the 2020 observation as “observation 1” and the 2022 observation as “observation 2”. Observation 2 extended over 100 ks, whereas observation 1 extended over only 28 ks. Both observations used the EPIC3 and RGS4 instruments of the XMM-Newton observatory to obtain both CCD (charged-coupled device) and RGS spectra. Notably, the EPIC observations (MOS1, MOS2, and PN)5,6 used the same filter configuration as observation 1, ensuring consistency in the observations.
The extracted X-ray images from the three CCD detectors are shown in Fig. 1. A circular extraction region with a radius of 20 arcsec was centered on the expected proper-motion-corrected position of HD 223889 during the epoch of each XMM-Newton observation (dashed blue circle). In addition, a source-free background region with a radius of 60 arcsec was carefully defined (dashed magenta circle). Light curves and CCD spectra were extracted for the MOS and PN detectors, along with RGS1 and 2, according to the procedure from the XMM-Newton SAS 12.12.1 user handbook. We used the same data processing methods for both observations.
	[image: thumbnail]	Fig. 1 X-ray image of HD 223889 using a PN-detector taken with the XMM-Newton telescope in the 0.2–2 keV energy band. The left and right panels show, respectively, observation 1 and 2 (see Table 2). HD 223889 is marked by a dashed blue circle with a radius of 20 arcsec, while the background is represented by a dashed magenta circle with a radius of 60 arcsec.



3 Results
3.1 Temporal variability of the corona of HD 223889
We extracted the light curve from the source and background regions of the two MOS cameras and the PN detector for both observations with 500 s time binning in the energy range 0.2– 2 keV. In observation 2 (Fig. 2, right panel) the corona of HD 223889 shows a clear variability (shown in red). The resulting light curve shows two significant flares, one between 30 ks and 50 ks and the other between 69 ks and 73 ks. Therefore, we divided the light curve into two phases: the “quiet” phase and the “flare” phase. This distinction was important because reconnection events associated with flares usually introduce new material into the star’s corona, which potentially alters its physical and chemical characteristics (Hiei 1987). Conversely, there was no evidence of flare activity during observation 1 (Fig. 2, left panel). Therefore, we consider the spectra obtained during observation 1 as representative of a quiescent phase.
3.2 HD 223889 coronal properties from X-ray spectra
We extracted CCD spectra of HD 223889 from two MOS cameras, the PN detector, and RGS spectra for both observations. For observation 2, we distinguished between two spectra for MOS1, MOS2, PN, RGS1, and RGS2, one of which represents the quiescent phase and the other the original spectra with flaring. Using XSPEC version 12.12.1, we conducted a spectral fit with the coronal plasma model vAPEC (Smith et al. 2001) using the solar photospheric abundances from Grevesse & Sauval (1998).
It is common to use the composition of the solar photosphere as a reference for M dwarfs, considering how difficult it is to determine the abundances of these stars (Wood et al. 2018; Wood et al. 2012; Wood & Linsky 2010). This difficulty arises from their low effective temperature, which leads to the formation of predominantly molecular lines in their spectra.
The vAPEC model within XSPEC describes an optically thin thermal plasma, as appropriate for a stellar corona, where individual elemental abundances can be fitted7. A notable aspect of the vAPEC model is the ability to account for variable abundances of different elements in the plasma. When using the vAPEC for spectrum fitting, several free parameters are available to optimize the fit of the model to the observed data. These parameters include the temperature (kT), which represents the thermal plasma temperature, usually measured in keV. The parameters also include the coronal abundances, which indicate the abundance values for different elements that can be varied independently. In addition, the vAPEC model fits each temperature component with its corresponding emission measure8.
Figure 4 shows the high-resolution spectra of RGS1 (green) and RGS2 (purple) for both observations. They have a rather low S/N, but the expected strong spectral line complexes are recognizable (Ne IX, Fe XVII, and Fe XVIII lines, O VIII, and O VII as marked in the plot). We therefore treat oxygen (O), neon (Ne), and iron (Fe) as free parameters in our spectral fits, while the abundances of the other elements were fixed to a value of 1.
In Table 3, we present the results of the spectral fitting. We distinguish between two different spectra; quiescent and flare. The quiescent spectra are composed of observation 1 and observation 2 quiescent phases [image: equation], while the flare spectra is defined by fitting the flare phases in observation 2[image: equation].
We found that a coronal model with three temperature components was necessary to yield a satisfactory spectral fit. Uncertainties for the fitted spectral model parameters were determined using XSPEC’s error command. The latter adjusts the value of the desired parameter while keeping all other parameters fixed at their best-fit values. The best-fit parameters are those that result in the lowest chi-square value, and indicate the best match between the model and data. The reported range corresponds to a 1-σ uncertainty. For the quiescent spectra fitting, our fit yields a satisfactory fit with a reduced chi-squared value of [image: equation]; the flaring spectrum yielded a similarly satisfactory fit with [image: equation].
In Fig. 3, we present the best-fit model of the quiescent spectra. The top panel displays the MOS1, MOS2, and PN spectra, while the bottom panel shows the residuals of the fits. We focus on the quiescent spectra because the results are comparable to those of the flare spectra, except for the flux, which is higher in the flare spectra, as shown in Table 3.
The latter shows the parameters of the best-fit model for fitting 1 and 2, respectively. The table also shows the emission measure characterized by the parameter “norm” of the vAPEC model along with the X-ray flux in the energy band 0.2–2 keV.
The properties of HD 223889, summarized in Table 3, classify it as a moderately active M dwarf based on its X-ray luminosity, which ranges from 2.98 × 1027 erg s−1 during quiescence to 5.91 × 1027 erg s−1 during flares. In comparison, low-activity M dwarfs have X-ray luminosities below 1027 erg s−1, while highly active M dwarfs exceed 1028 erg s−1. The star also an X- ray surface flux of log FX,surf = 5.26, which is lower than any other M dwarf that has been studied for iFIP patterns (see Fig. 4d in Wood et al. 2012).
We also calculated the average coronal temperatures of HD 223889 for the case of quiescent and flaring spectra fitting to be 4.21 MK and 5.14 MK, respectively. Coronal temperatures between 2 and 7 MK emit both soft and hard X-rays. At lower temperatures (2–4 MK), soft X-rays (energies < 2 keV) dominate due to the plasma’s peak emissivity in this region.
Table 3 
Best-fitting parameters of the coronal model for HD 223889 from MOS, PN, and RGS data.

	[image: thumbnail]	Fig. 2 XMM-Newton X-ray light curves of HD 223889, with 500 s time binnning in the energy range 0.2–2 keV. On the left side, we show the signal from the two MOS detectors and the PN signal for observation 1, while on the right side, we show the signals from observation 2. In both panels we show the PN-background and background-subtracted light curves. The gray line represents the light curve of the PN detector, while the solid-black line and dashed black line correspond to MOS1 and MOS2, respectively. The PN-background is represented in blue. The red lines in the right panel represent the parts of the observation where we identified flares by visual inspection based on the displayed elevated count rates.



	[image: thumbnail]	Fig. 3 Spectra of the EPIC detector as a function of energy (keV), with MOS1 represented by a blue circle, MOS2 by a gray triangle, and PN by red squares. The residuals of the fits are shown in the bottom row. The spectrum has a soft nature, with an average coronal temperature of 4.21 MK. Vivid colors correspond to the observation 2 quiescent phase, while weak colors represent observation 1.



	[image: thumbnail]	Fig. 4 Spectra from the RGS instruments showing flux (counts s−1keV−1) plotted against wavelength (Å), with associated error bars. RGS1 is represented by a green line and RGS2 by a purple line. Vivid colors indicate the original observation 2, while fainter colors represent observation 1. Key spectral lines, including NeIX, FeXVII, FeXVIII, OVIII, and the OVII triplet, are marked with arrows and annotations.



3.3 FIP or iFIP effect
Our main goal was to quantify the FIP or iFIP effect in the corona of HD 223889. The metric Fbias has been defined in the literature to characterize the trend of the coronal abundances within a stellar corona; specifically, the coronal abundance measurements of high-FIP elements compared with Your meaning was unclear, please check I have retained your intended meaning. chosen low- FIP elements are encapsulated in this dimensionless number. To determine the Fbias, we follow a similar methodology as outlined in Wood et al. (2012) and Wood & Linsky (2010), and shown in Eq. (1):
[image: equation](1)
However, in contrast to their approach, which uses individually resolved spectral lines, here we used the fitted coronal abundances of the elements with very strong coronal emission lines as shown in Table 3, namely Ne and O as high-FIP elements and Fe as the low-FIP element. These were normalized by solar photospheric abundances to derive the Fbias value; no stellar photospheric abundances were available for our observed target.
In cases of a solar-like FIP effect, the Fbias takes on a negative value, whereas a positive value indicates the presence of an iFIP effect. Our results for HD 223889 reveal an iFIP pattern in both the quiescent and flaring spectra, with Fbias values of approximately 0.24 and 0.39, respectively. The associated formal uncertainties were determined through Gaussian error propagation from the fitted coronal abundances, which resulted in a symmetric error of around 0.04 for the quiescent Fbias and 0.06 for the flare.
The uncertainty in our Fbias value is quite small compared to more detailed analyses such as in Wood et al. (2012) that deal with individually resolved spectral lines and should therefore in principle contain more information than our approach. This may indicate that our low-resolution spectral analysis underestimates the uncertainties somewhat. We therefore looked at the scatter in coronal Fe/O ratios determined from low-resolution X-ray spectra versus high-resolution X-ray spectra as shown in Wood et al. (2018), their Figure 4. By applying a bootstrap technique with 1000 iterations, we determined an overall uncertainty of 0.153 associated with low-resolution versus high-resolution coronal abundance ratio determinations. We therefore added this systematic uncertainty to our formal fitting error bars mentioned above, to arrive at the final uncertainties on the Fbias parameter that are listed in Table 3. In light of those uncertainties, the variation in Fbias between the flare and quiescent phases is not significant.
	[image: thumbnail]	Fig. 5 Diagram showing Teff – Fbias. The diamond symbols represent the stars from Wood et al. (2018) and the square symbol corresponds to the additional stars from the sample of Seli et al. (2022). The circles represent the Fbias of HD 223889 for the flare and the quiescent phase. Each data point is plotted with the corresponding error bars for the effective temperature (Teff) and the FIP bias value (Fbias). The two gray lines represent the fit of the lower and upper branches from Seli et al. (2022), Eqs. (2) and (4), respectively. The color-coded data points indicate log LX (X-ray luminosity), which is also taken as an activity indicator.



4 Discussion
In Fig. 5, we show the Teff – Fbias diagram with the additional Fbias of HD 223889. The data points are color coded by there corresponding log LX . Each data point is plotted with its corresponding error bars for the effective temperature (Teff) and the FIP bias value (Fbias). The two gray lines each represent one of the trends observed in Seli et al. (2022). These trends are defined based on Eqs. (2) and (4) in Seli et al. (2022).
The sample of stars from Wood et al. (2018) includes a mixture of single and binary main sequence stars that represent a wide range of X-ray luminosities, ranging from log LX = 26.99 to log LX = 30.06. These values were measured directly from the LETGS spectra within the canonical ROSAT PSPC (Position Sensitive Proportional Counter) bandpass for soft X-ray of 0.1–2.4 keV (e.g., 5–120 Å).
To compare different stars over the same energy range, we converted the X-ray luminosity of HD 223889 from the energy range 0.2–2 keV range to 0.1–2.4 keV using the Xspec “flux” command. By doing so, we obtained log LX = 27.52 for the quiescent spectra and log LX = 27.85 for the flaring spectra in the 0.1–2.4 keV energy band, that is, only marginally larger values as expected. The energy adjustment ensures that our results remain consistent and comparable with other studies.
The study by Seli et al. (2022) aimed to expand the Teff – Fbias diagram, originally developed by Wood et al. (2012) and refined by Laming (2015b), to include evolved stars. Having previously focused on main sequence stars such as Sun-like stars and M dwarfs, the authors compiled data on active stars with known coronal abundances to calculate Fbias . Their results indicated nearly parallel branches in the Teff – Fbias relation, with a notable extension for low-mass M dwarfs (Teff < 4000 K). The bimodal distribution of Fbias values was hinted at by Wood et al. (2018) in their Fig. 7a.
According to the Teff – Fbias relationship described in Wood & Linsky (2010) and Wright et al. (2018), an iFIP effect would be expected for HD 223889 that is consistent with the pattern observed in M dwarfs, regardless of their activity level. This relationship is particularly evident in the almost linear progression of stellar composition across spectral types F to M in the X- ray spectra of moderately active stars (LX < 1029 erg s−1 ). From our low-resolution spectra, for HD 223889 we calculated Fbias ∼ 0.24 for the quiescent fitted spectra and Fbias ~ 0.39 for the flare spectra with large uncertainties (Sect. 1).
It is worth noting that our study uses similar sample constraints as previous works such as Wood & Linsky (2010), that is, we focus on stars with low to moderate X-ray luminosities. Studies including high activity stars do find a larger fraction of stellar coronae that display iFIP patterns than our sample. Observing a wide range of stellar activity levels in the M dwarf regime is challenging, since their small stellar radii mean that truly low activity M dwarfs typically do not produce enough X-ray photons to collect spectra of high enough quality for a coronal abundance study. This is also true for our target; however, we can still place it in context with other M dwarfs studied for their coronal abundances.
Our target HD 223389 can be compared to the wide binary star GJ 338. A detailed analysis of GJ 338 AB is given in Wright et al. (2018). The targets exhibit roughly similar characteristics, including radius, X-ray surface flux, coronal temperature, and activity levels, with GJ 338 AB being slightly more active than HD 223389. Therefore it is not surprising that our calculated Fbias value of HD 223389 aligns closely with that of GJ 338 AB (Fbias = 0.39 ± 0.25, Wood et al. 2012). This suggests that HD 223389 and the GJ 338 AB wide binary system may have similar coronal filling factors, which indicates comparable fractions of active regions. In other words, they have similarly constrained volumes for magnetic field expansion (Baker et al. 2019; Laming 2021). Consequently, Alfvén waves generated in the chromosphere struggle to expand effectively, which increases their likelihood of reflecting and refracting back into the chromosphere.
The observations of HD 223889, alongside earlier findings on GJ 338 AB and other more active M dwarfs, prompt an exploration into the possible existence of a plateau in the Teff–Fbias relationship for moderately active M dwarfs; that is, there may be a hint of a flattening of the slope in Fig. 5 indicated by the data points. With these results, the main question still remains open as to whether there is a minimum activity level for M dwarfs below which the iFIP pattern is no longer observed. Future X-ray missions that enable us to collect X-ray spectra for intrinsically X-ray fainter and therefore less active M dwarfs, such as NewAThena (Nandra et al. 2013; Sciortino et al. 2013), may shed significant light on this.
5 Conclusions
In this study, we performed an analysis of the coronal abundance patterns of HD 223889 using XMM-Newton data. The analysis was limited to the modelling of MOS1, MOS2, PN, RGS1, and RGS2, and uses a global 3 temperature VAPEC model with three free parameters, Ne, O, and Fe. The fitting model presented in this study gave out the best result we can obtain given the low- resolution X-ray spectra. This star is the lowest activity M dwarf star studied so far with respect to the FIP effect. Our findings reveal an iFIP effect that closely resembles that of another moderately active binary star, GJ 338 AB, with a comparable error margin. These results hint at a possible plateau in the iFIP effect within the moderately active star regime. This motivates further investigation of a small sample of M dwarfs with low coronal temperatures, ideally ranging between 2 MK and 4 MK. Such information will enhance our understanding of the patterns and underlying causes of (i)FIP effects and will help determine if this trend is disrupted in M dwarfs at lower coronal temperatures. Rather than providing definitive conclusions, our study has raised additional questions and avenues for future research.
Finally, a comprehensive study of elemental abundances in the corona provides valuable insight into the composition of energetic particles and serves as a representative sample of coronal material. This research is of particular importance for planetary habitability, as these particles can affect surface chemistry and thus influence the prospects for a planet’s long-term habitability over geological timescales.
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1 Proportion of the stellar surface covered by active regions.


2 Ro is defined as the ratio of the rotation period to the convective turnover time.


3 EPIC: European Photon Imaging Camera.


4 RGS: Reflection Grating Spectrometer.


5 MOS: Metal Oxide Semi-conductor.


6 PN: Proton-noise camera.


7 http://www.atomdb.org/


8 Definitions can be found in the XSPEC documentation at https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/manual.html
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	[image: thumbnail]	Fig. 5 Diagram showing Teff – Fbias. The diamond symbols represent the stars from Wood et al. (2018) and the square symbol corresponds to the additional stars from the sample of Seli et al. (2022). The circles represent the Fbias of HD 223889 for the flare and the quiescent phase. Each data point is plotted with the corresponding error bars for the effective temperature (Teff) and the FIP bias value (Fbias). The two gray lines represent the fit of the lower and upper branches from Seli et al. (2022), Eqs. (2) and (4), respectively. The color-coded data points indicate log LX (X-ray luminosity), which is also taken as an activity indicator.
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      Table 1 

      Intrinsic properties of HD 223889 taken from Stassun et al. (2019), and Gaia DR3 (Gaia Collaboration 2021) are listed respectively in Columns 2 and 3.

      
        


	Parameter
	Stassun et al. (2019)
	Gaia DR3





	Mass (M⊙)
	0.52 ± 0.02
	



	Radius (R⊙)
	0.52 ± 0.02
	



	Teff (K)
	3517±157
	[image: equation]



	log g
	4.7 ± 0.26
	[image: equation]





      

    

  
    
      Table 2 

      XMM-Newton data of HD 223889.

      
        


	
	ObsDate
	ObsID
	Exposure time (ks)





	Obs 1
	April 2020
	0840844101
	28



	Obs 2
	May 2022
	0900940101
	100





      

    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        X-ray image of HD 223889 using a PN-detector taken with the XMM-Newton telescope in the 0.2–2 keV energy band. The left and right panels show, respectively, observation 1 and 2 (see Table 2). HD 223889 is marked by a dashed blue circle with a radius of 20 arcsec, while the background is represented by a dashed magenta circle with a radius of 60 arcsec.

      

    

  
    
      Table 3 

      Best-fitting parameters of the coronal model for HD 223889 from MOS, PN, and RGS data.

      
        


	Parameter
	Quiescent
	Flaring



	
	[image: equation]
	[image: equation]





	kT1 (keV)
	[image: equation]
	[image: equation]



	kT2 (keV)
	[image: equation]
	[image: equation]



	kT3 (keV)
	[image: equation]
	[image: equation]



	EM1 (×10+49cm−3)
	[image: equation]
	[image: equation]



	EM2 (×10+49cm−3)
	[image: equation]
	[image: equation]



	EM3 (×10+49cm−3)
	[image: equation]
	[image: equation]



	O
	[image: equation]
	[image: equation]



	Ne
	[image: equation]
	[image: equation]



	Fe
	[image: equation]
	[image: equation]



	Flux (erg cm−2 s−1), 0.2–2 keV
	[image: equation]
	[image: equation]



	LX (erg s−1),0.2–2keV
	[image: equation]
	[image: equation]



	Fbias
	[image: equation]
	[image: equation]





      

      
Notes. Column 2 lists the values obtained from fitting the quiescent spectra [image: equation], while Column 3 presents the results from fitting the flare spectra [image: equation].




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        XMM-Newton X-ray light curves of HD 223889, with 500 s time binnning in the energy range 0.2–2 keV. On the left side, we show the signal from the two MOS detectors and the PN signal for observation 1, while on the right side, we show the signals from observation 2. In both panels we show the PN-background and background-subtracted light curves. The gray line represents the light curve of the PN detector, while the solid-black line and dashed black line correspond to MOS1 and MOS2, respectively. The PN-background is represented in blue. The red lines in the right panel represent the parts of the observation where we identified flares by visual inspection based on the displayed elevated count rates.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Spectra of the EPIC detector as a function of energy (keV), with MOS1 represented by a blue circle, MOS2 by a gray triangle, and PN by red squares. The residuals of the fits are shown in the bottom row. The spectrum has a soft nature, with an average coronal temperature of 4.21 MK. Vivid colors correspond to the observation 2 quiescent phase, while weak colors represent observation 1.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Spectra from the RGS instruments showing flux (counts s−1keV−1) plotted against wavelength (Å), with associated error bars. RGS1 is represented by a green line and RGS2 by a purple line. Vivid colors indicate the original observation 2, while fainter colors represent observation 1. Key spectral lines, including NeIX, FeXVII, FeXVIII, OVIII, and the OVII triplet, are marked with arrows and annotations.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Diagram showing Teff – Fbias. The diamond symbols represent the stars from Wood et al. (2018) and the square symbol corresponds to the additional stars from the sample of Seli et al. (2022). The circles represent the Fbias of HD 223889 for the flare and the quiescent phase. Each data point is plotted with the corresponding error bars for the effective temperature (Teff) and the FIP bias value (Fbias). The two gray lines represent the fit of the lower and upper branches from Seli et al. (2022), Eqs. (2) and (4), respectively. The color-coded data points indicate log LX (X-ray luminosity), which is also taken as an activity indicator.
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