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Letter to the EditorHD 214220 (BD+56 2813): An eclipsing binary with its primary component at the end of the main sequence
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Abstract

Context. Analysis of the light curves of an eclipsing binary allows one to derive the absolute dimensions of the system. This in turn yields information on the radii of the components, which allows the stars to be accurately placed on the Hertzsprung-Russell diagram and their evolutionary phase to be interpreted via comparisons to tracks of stellar evolution models.

Aims. I aim to derive the stellar and system parameters of HD 214220.

Methods. I measured the epochs of three primary and three secondary minima of the eclipsing binary HD 214220 from 2019 to 2022 from photometric fluxes obtained by the TESS satellite. I modeled the light curve and the velocity amplitudes, which were obtained by the Gaia satellite, with the software PHOEBE.

Results. HD 214220 is an eclipsing binary system with an orbital period of P = 43.14 d, eclipse depths of 17% and 13%, and masses of 2.49 M⊙ and 2.42 M⊙. The sum of the radii is R1 + R2 ≈ 8.5 R⊙, and the temperatures of the components are similar, with a ratio of T2/T1 ≈ 1.03.

Conclusions. By consulting stellar evolution models, I find that the primary component has ended core hydrogen burning and is potentially in the contraction phase, prior to shell burning.
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1. Introduction
HD 214220 (BD+56 2813, NSV 25926) is known as a comparison star for photometric observations of CQ Cep (e.g. Gaposchkin 1944; Hiltner 1950; Demircan et al. 1997). Only very recently was it discovered to be a binary, when Gaia Data Release 3 (DR3, Gaia Collaboration 2023) yielded a double-lined spectroscopic binary model solution for the measured radial velocities. From an investigation of TESS photometry, it was determined that the star was not only an SB2 but also an Algol-type eclipsing binary (type EA)1, making this system an interesting object worthy of analysis.
2. Photometric measurements
The photometric observations comprise four light curve sets, from sectors 16, 17 (September and October 2019), 24 (April and May 2020), and 57 (October 2022); each are about 25 d and were obtained by the TESS satellite (Ricker et al. 2015). The data used in this Letter can be found at the Mikulski Archive for Space Telescopes2. A 17 × 17 pixel cutout was downloaded from the TESS archive using search_tesscut (Ginsburg et al. 2019). The light curves were produced via simple aperture photometry (SAP) with a 12-pixel stellar mask, and the background was evaluated from the average of the order of 150 pixels that had the lowest count rates in the image frame. Light curves were extracted and normalized with the software provided by the Lightkurve Collaboration (2018). The combined light curves of HD 214220 cover three primary minima and four secondary minima, whereas the secondary minimum in 2022 is compromised by data gaps and a strongly variable background level. This fourth secondary minimum was not used in the analyses given below and is not included in Table 1 or Fig. 1.
	[image: thumbnail]	Fig. 1. Normalized light curve folded with P = 43.1426 d and T0 = BTJD 1716.309. The 30-minute-interval measurements from four sectors are indicated by colored dots. Top panels: Primary minimum (left) and secondary minimum (right), with the result of the light curve fitting (see Sect. 3) illustrated by a black line. Bottom panel: Same as the top figures, but displaying a full orbital period.



Table 1. 
Observed minima epochs of HD 214220.

Outside the eclipses, the SAP light curves had variations on the order of 1% over timescales of days and longer. It turned out that these variations are shared by several close-by stars of similar brightnesses. Therefore, the light curve of each sector was divided by that of the neighbor star BD+56 2816, which has a similar brightness in the red. The division removed these variations but introduced short-term variations on the order of 0.3%, which are mostly due to variations in the light curve of the comparison star. In Fig. 1 the resulting light curve is shown; it is clear that outside the eclipses the light curve is stable and flat within the limitations of the relative calibration.
The epochs of the six well-observed minima were measured by fitting a Gauss-like function, aexp(−(∣(t−T1, 2)∣/Δt)γ), using the optimize routine from the Python SciPy package (Virtanen et al. 2020), to each normalized eclipse curve. This yielded epochs of primary or secondary minima, T1 or T2, respectively. The free parameters Δt, a, and γ describe the duration and shape of the eclipse curves. The epochs of the minima are given in Table 1. The listed uncertainties are the formal error of the fit procedure. These uncertainties can be verified because the minima timings of each eclipse type have to lie on a linear ephemeris. Despite the marginal statistics, it turns out that the precision of the fit given by the optimize routine is a factor of five lower than the standard deviation of the residuals from a linear fit. Given the long time intervals between the measurements, this could be due to a slight change in the period, which can be verified by future measurements of the minima epochs. The linear ephemeris fit to the three primary minima is
[image: thumbnail](1)
where the uncertainties of the period P1 and the epoch T0 are given by the standard uncertainties of the fit. The secondary minimum is at phase 0.6711 ± 0.00005, which is 7.384 ± 0.002 d after mid-period. A linear fit to the three secondary minima yields P2 = 43.1418 ± 0.0007 d. The larger uncertainty of P2 is due to the shorter time interval of the observed secondary minima. The period difference is not significant.
3. Computation of system and stellar parameters
The Gaia spacecraft (Gaia Collaboration 2016) has measured radial velocity variations in the near infrared with its Radial-Velocity Spectrometer (RVS; Cropper et al. 2018). The information given in Table 2 has been published in Gaia DR3 (Gaia Collaboration 2022), but the individual 25 radial velocity measurements are not listed.
Table 2. 
Values published for HD 214220 by Gaia DR3 for a non-single-star orbital model compatible with a double-lined spectroscopic binary model (Gaia Collaboration 2022).

The period determined from the radial velocity measurements, PRV, differs from the TESS period, P1, by eight times the given uncertainty, which might indicate that the Gaia orbital solution has systematic uncertainties in addition to the quoted uncertainty values. The difference of the secondary minimum to the mid-orbit of the light curve yields an accurate measure of e cos ω = 0.270, which agrees, within the uncertainty, with the value obtained from the Gaia measurements. The radial velocity amplitudes and the period imply that the absolute dimension of the semimajor axis is a sin i = 0.4086 ± 0.0009 AU, the ratio of the masses q = M2/M1 = 0.972 ± 0.006, and the total mass of the system (M1 + M2)sin3i = 4.889 ± 0.037 M⊙.
The light curve shows partial eclipses with depths of 17% and 13%. An analysis of the eclipses allows one to determine the inclination, the sum of the radii of the two stars, and the ratio of brightness temperatures in the TESS passband. Thus, not all stellar parameters can be derived for this system, and the individual stellar temperatures and the ratio of the radii remain undetermined. The light curve shown in Fig. 1 was calculated with PHOEBE, version 2.4.4 (Conroy et al. 2020), using the parameter values of solution 3 in Table 3. Using the Nelder-Mead optimizer, five parameters were fitted, T1, R1, i, e, and ω for given P, q = M2/M1, T2, R2, and a sin i. For the temperatures of the secondary, T2, the values corresponding to the radius R2 on the evolutionary track for M2 = 2.42 M⊙ were adopted. But it is the temperature ratio, T2/T1, that matters, and the absolute values of the stellar temperature do not significantly influence the solution. The atmospheres and their limb darkening are represented by Phoenix atmospheres, and the reflection efficiency was set to 1. The stars were computed in spherical mode with 500 triangles.
Table 3. 
Parameters derived by fitting the light curve with PHOEBE.

Solutions for different sets of radii are listed in Table 3. Optimized fits result in only slightly different values for the inclinations i = 86.4° ±0.2°. This range of inclinations yields sin3i values that differ by only ±0.02%, and the system semimajor axis is a = 0.4093 ± 0.0010 AU. As the uncertainty of the period was determined to be 9 ppm, this implies that the uncertainties of the derived stellar masses are dominated by the uncertainty of the radial velocity measurements. The resulting masses are M1 = 2.49 ± 0.03 M⊙ and M2 = 2.42 ± 0.03 M⊙.
Other parameters show a larger spread of values as a function of the secondary’s radius. However, not all values of R2 are realistic when considering stellar evolution predictions, as discussed in Sect. 4. We find that the secondary’s radius is 3.6 ≤ R2 ≤ 4.1 R⊙. Therefore, I adopted the results derived by the PHOEBE fits to the mean of solutions 2 and 3, which are given in the row marked ⟨2+3⟩ in Table 3. For the uncertainties, the differences of the extremes are considered to reflect a realistic uncertainty.
The eccentricity, e = 0.289 ± 0.002, and longitude of periastron, ω = 21.0° ±1.0°, from the fits to the light curve confirm the values given in Table 2 and derived by the Gaia solution. The two epochs of periastron derived from Gaia or TESS measurements, [image: equation] and [image: equation], differ by 0.4 d if computed for each other’s epoch. There are 31 orbits between the two epochs, and a period computed from the two epochs is Pperi = 43.1566 ± 0.0019, which is outside the uncertainties of the period P1 derived in Sect. 2. This disagreement could indicate that the period is not constant.
4. Discussion
Ekström et al. (2012) published two sets of stellar evolution: one with and one without rotational mixing of the convective core. Interpolating the tracks linearly in logarithmic values of the tabulated values yields the evolution of the radii as a function of age for the two stellar masses derived in Sect. 3. In the non-rotationally mixed case there is a pair at a common age of [image: equation] Myr that corresponds to the sum of radii ΣRn = 8.40 R⊙ with the stellar parameters [image: equation] K, [image: equation] and [image: equation] K, [image: equation]3. The evolutionary predicted ratio of the temperatures is [image: equation], which clearly differs from the value derived from the eclipse curve T2/T1 = 1.025 (see solution 2 in Table 3): relative to the temperature of the secondary, the primary is too cool.
The rotationally mixed evolution yields a combined radius value of ΣRr = 8.51 R⊙ for an age of [image: equation] Myr with the parameters of the stellar pair [image: equation] K, [image: equation] and [image: equation] K, [image: equation]. The locations of the two stars on the Hertzsprung-Russell diagram are indicated by filled circles in Fig. 2. In this case, the primary star is at an early stage of shell hydrogen burning immediately following the contraction phase, for which there is a brief period, of a few megayears, during which the more massive star is predicted to be hotter than the less massive one. As the light curve solution indicates that the primary is not hotter but somewhat cooler than the secondary (see solution 3 in Table 3), this evolutionary case does not fit either. However, only slightly earlier, at an evolutionary age of 673 Myr, the theoretical temperature ratio agrees with the measured temperature ratio of T2/T1 = 1.036. This stellar pair is indicated by open circles in Fig. 2. The sum of the radii at that time is ΣRr = 8.04 R⊙, which is outside of the uncertainty range determined by the light curve fits.
	[image: thumbnail]	Fig. 2. Hertzsprung-Russell diagram. The black lines indicate the evolutionary tracks computed with rotational mixing of the core (Ekström et al. 2012) for the masses M = 2.0 M⊙, 2.5 M⊙, and 3.0 M⊙. The blue and red lines denote the interpolated evolutionary tracks for M = 2.42 M⊙ and 2.49 M⊙, respectively. The filled circles mark the location for an evolutionary age [image: equation] Myr, where the sum of the stellar radii is ΣRr = 8.51 R⊙, and the open circles denote [image: equation] Myr, for which [image: equation].



Most likely, the evolutionary stage of the primary is in between the two evolutionary ages discussed above. Interestingly, these nearly coincide with the beginning and end of the contraction phase, which forms the characteristic evolutionary “hook” at the end of the main sequence. To the knowledge of the author, there is no observational confirmation that such an evolutionary excursion exists and that stellar evolution does not follow a monotonic increase in luminosity and radius and a monotonic decrease in temperature.
5. Conclusions
The derived system and stellar parameters of HD 214220 are listed in Table 4. In order to be able to conclude with more certainty on the evolutionary phase of the primary, more accurate information on the stellar temperatures is needed. High-resolution spectroscopic observations of an entire orbit would yield more precise orbital velocities (i.e., more precise stellar masses), and the effective temperatures could be determined with spectroscopic analyses. If the stellar temperatures are known, the light curve yields absolute values of both radii. In addition, measured rotational velocities of the stars would indicate which evolutionary set, with or without rotational mixing of the core, should be used.
Table 4. 
Derived system and stellar parameters of HD 214220.

There is a chance that the primary is in the core-contracting evolutionary phase, which is very difficult to diagnose observationally because not only the temperature and radius need to be determined precisely, but also the mass. In light of this potentially very interesting phase of the primary, I suggest analyzing this system in more detail.


1 For definitions of variable types, see GCVS Variability Types of the General Catalogue of Variable Stars (Samus’ et al. 2017).


2 https://doi.org/10.17909/t9-nmc8-f686


3 The upper index, n, designates non-rotationally mixed core evolution, and r denotes rotationally mixed core evolution.
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	[image: thumbnail]	Fig. 2. Hertzsprung-Russell diagram. The black lines indicate the evolutionary tracks computed with rotational mixing of the core (Ekström et al. 2012) for the masses M = 2.0 M⊙, 2.5 M⊙, and 3.0 M⊙. The blue and red lines denote the interpolated evolutionary tracks for M = 2.42 M⊙ and 2.49 M⊙, respectively. The filled circles mark the location for an evolutionary age [image: equation] Myr, where the sum of the stellar radii is ΣRr = 8.51 R⊙, and the open circles denote [image: equation] Myr, for which [image: equation].
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        Normalized light curve folded with P = 43.1426 d and T0 = BTJD 1716.309. The 30-minute-interval measurements from four sectors are indicated by colored dots. Top panels: Primary minimum (left) and secondary minimum (right), with the result of the light curve fitting (see Sect. 3) illustrated by a black line. Bottom panel: Same as the top figures, but displaying a full orbital period.

      

    

  
    
      Table 1. 

      Observed minima epochs of HD 214220.

      
        


	Year (a)
	BTJD (b)
	Precision (c)
	Cycle
	Eclipse



	AD
	[d]
	[days]
	number (d)
	type (e)





	2019.71
	1745.2668
	0.0008
	0.7
	2



	2019.75
	1759.4463
	0.0008
	1.0
	1



	2019.83
	1788.4046
	0.0008
	1.7
	2



	2020.30
	1960.9758
	0.0008
	5.7
	2



	2020.34
	1975.1709
	0.0008
	6.0
	1



	2022.82
	2881.1568
	0.0008
	27.0
	1





      

      
Notes.

(a) The decimal AD year of the minimum.


(b) The barycentric TESS Julian date (BTJD) is the barycentric Julian date minus 2 457 000.


(c) The listed uncertainties are the precision of the Gauss fit method (see Sect. 2).


(d) The cycle number is calculated using Eq. (1).


(e) The eclipse type is 1 for a primary minimum and 2 for a secondary minimum.




    

  
    
      Table 2. 

      Values published for HD 214220 by Gaia DR3 for a non-single-star orbital model compatible with a double-lined spectroscopic binary model (Gaia Collaboration 2022).

      
        


	Measurement (a)
	Value
	Precision





	K1 [km s−1]
	53.02
	0.15



	K2 [km s−1]
	54.56
	0.19



	V0 [km s−1]
	−15.16
	0.11



	[image: equation] [d]
	−14.98
	0.05



	PRV [d]
	43.1721
	0.0035



	e
	0.2879
	0.0017



	ω [deg]
	21.7
	0.6





      

      
Notes.

(a) K1, K2, and V0 are the radial velocity semi-amplitudes and the system velocity; Tperi is the periastron epoch relative to 2016.0, which yields Tperi = BJD 2457373.52; PRV is the period, e the eccentricity, and ω the longitude of the periastron as derived from the fit to the Gaia radial velocity measurements. Gaia DR3 assigns the larger velocity amplitude to stellar component 1. In order to be consistent with the component’s designation, in this Letter component 1 is the more massive star with the smaller velocity amplitude.




    

  
    
      Table 3. 

      Parameters derived by fitting the light curve with PHOEBE.

      
        


	Solution
	R2
	ΣR
	T2/T1
	i
	e
	ω



	Nr.
	(R⊙)
	(R⊙)
	
	(deg)
	
	(deg)





	1
	3.00
	8.18
	0.973
	86.74
	0.2854
	18.60



	2
	3.36
	8.40
	1.025
	86.52
	0.2904
	21.58



	3
	3.84
	8.51
	1.036
	86.39
	0.2883
	20.43



	4
	4.27
	8.54
	1.043
	86.37
	0.2887
	20.68



	5
	4.50
	8.53
	1.042
	86.39
	0.2886
	20.24



	




	⟨⟩
	
	8.36
	1.008
	86.56
	0.2871
	19.64



	±
	
	0.18
	0.035
	0.18
	0.0017
	1.04



	⟨2+3⟩
	
	8.46
	1.030
	86.46
	0.2894
	21.01





      

      
Notes. The secondary radius, R2, is a free parameter. The other parameters are derived by fitting the light curve. ΣR is the sum of the two radii, R1 + R2, T2/T1 the ratio of the brightness temperatures in the TESS passband, i the inclination, e the eccentricity, and ω the longitude of periastron. The row marked with ⟨⟩ is the mean of the extremes, and the uncertainty covers the range of values. ⟨2+3⟩ denotes the mean of solutions 2 and 3.



    

  
    
      Fig. 2. 
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        Hertzsprung-Russell diagram. The black lines indicate the evolutionary tracks computed with rotational mixing of the core (Ekström et al. 2012) for the masses M = 2.0 M⊙, 2.5 M⊙, and 3.0 M⊙. The blue and red lines denote the interpolated evolutionary tracks for M = 2.42 M⊙ and 2.49 M⊙, respectively. The filled circles mark the location for an evolutionary age [image: equation] Myr, where the sum of the stellar radii is ΣRr = 8.51 R⊙, and the open circles denote [image: equation] Myr, for which [image: equation].

      

    

  
    
      Table 4. 

      Derived system and stellar parameters of HD 214220.

      
        


	Measurement (a)
	Value
	Precision





	T0 BTJD [d]
	1716.309
	0.007



	Tperi BTJD [d]
	1711.37
	0.01



	P [d]
	43.1426
	0.0004



	a [AU]
	0.409
	0.001



	e
	0.289
	0.002



	ω [deg]
	21.0
	1.0



	i [deg]
	86.5
	0.2



	ΣR [R⊙]
	8.5
	0.2



	T2/T1
	1.03
	0.03



	q
	0.972
	0.006



	M1 [M⊙]
	2.49
	0.03



	M2 [M⊙]
	2.42
	0.03





      

      
Notes.

(a) T0 is the time of the primary eclipse in BTJD, P is the orbital period, a the semimajor axis, e the eccentricity, ω the longitude of periastron, i the inclination, ΣR the sum of the two radii, T2/T1 the ratio of the brightness temperatures in the TESS spectral passband, q the ratio of the masses, and M1 and M2 the stellar masses. The parameters that depend on the light curve fit are given for the average of solutions 2 and 3 of Table 3, and the uncertainties reflect the difference of the extremes.
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