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V. B a k ı ş and Z. E k e r

Department of Space Sciences and Technologies, Faculty of Sciences,
Akdeniz University, Antalya, TR

Received April 4, 2022

ABSTRACT

Standard luminosity (L ) of 406 main-sequence stars with the most accurate astrophysical param-
eters are calculated from their absolute magnitudes and bolometric corrections at JohnsonBV, and
Gaia EDR3G, GBP, GRP filters. Required multibandBC and BC−Teff relations are obtained first
from the parameters of 209 Double-lined Detached EclipsingBinaries with main-sequence compo-
nents and Gaia EDR3 parallaxes. A simplified SED is formulated to give filter dependent component
light contributions and interstellar dimming, which are essential in computingBC of a component,
virtually at any filter. The mean standardL of a star is calculated from the meanMbol which is a
mathematical average of independentMbol values predicted at different filters, while the uncertainty
of L is the uncertainty propagated from the uncertainty of the mean Mbol . The mean standardL of
the sample stars are compared to the correspondingL values according to the Stefan-Boltzmann law.
A very high correlation (R2 > 0.999) is found. Comparing histogram distributions of errorsshows
that uncertainties associated with the mean standardL (peak at≈ 2.5 per cent) are much smaller than
the uncertainties ofL (peak at≈ 8 per cent) by the Stefan-Boltzmann law. Increasing the number
of filters used in predicting the meanMbol increases the accuracy of the standard stellar luminosity.
Extinction law, color–color relations and color excessvs.color excess relations for Gaia passbands
are presented for the first time for main-sequence stars.
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1. Introduction

An unobserved missing fraction of a stellar luminosity (L) by a photometric ob-
servation is named bolometric correction (BC) if it is expressed in magnitude units.
As if fixing a defect or restoring the missing part, adding this fraction (BC) to the
apparent (V) or absolute (MV ) magnitudes of a star, which are known to be naturally
limited in a certain wavelength range, one obtains the apparent (mbol) or absolute
(Mbol) bolometric magnitudes representing the totalL of the star. AlthoughBC
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is useful, ingeniously invented, and the ready-to-use quantity to obtain those quan-
tities from an apparent magnitude (V) and a parallax, major difficulty confronted
by the earlier astronomers (Kuiper 1938, Mc Donald and Underhill 1952, Pop-
per 1959, Wildey 1963, Smak 1966, Johnson 1966, Weidemann and Bues 1967,
Heintze 1973) is that a pre-requiredBC must be determined first from observations
but there is neither a telescope nor a detector to measure a bolometric magnitude
while L is already known to be un-observable.

Therefore, a relation between an apparent magnitude (e.g., V) and observable
part of the luminosity (e.g., LV ) recognized in all of the photometric passbands
with pre-established filter transmissions operated in the Vega system of magnitudes,
where Vega is a common reference, cannot be established between a bolometric
magnitude andL using direct observations.

This difficulty, however, was overcome by assuming arbitrary zero points for
both the bolometric magnitudes andBC scale. The arbitrariness attributed toBC
and bolometric magnitude scales caused then publications of many differentBC
tables, some containing all negative (Kuiper 1938, Popper 1959, Wildey 1963, Cox
2000, Pecaut and Mamajek 2013)BC values while others contained a limited num-
ber of positiveBCs (Codeet al. 1976, Johnson 1964, 1966, Flower 1977, 1996,
Besselet al. 1998, Sunget al. 2013, Cassagrande and VandenBerg 2018, Ekeret
al. 2020). Incorrect usage of tabulatedBC values was discussed by Torres (2010).
The biggest of the problems, however, is that a star could be found to have several
BCs from several tables, implying that several differentMbol representing a single
L .

The problems of arbitrariness attributed to theBC scale were studied recently
by Ekeret al. (2021a), who introduced the concept of standardBC. The standard-
ization was necessary to avoid problems caused by arbitrariness of theBC scale
and for unifying theBC and Mbol values, which is the easiest way of assuring
consistentL of a star if it is predicted from astrometric (parallax) and photometric
observations.

Accuracy of the classical methods of computing a stellar luminosity (1 – a
direct method from radii (R) and effective temperatures (Teff ), 2 – a method using
a mass–luminosity relation (MLR), 3 – a method requiring a bolometric correction)
was later studied by Ekeret al. (2021b), who introduced the concept of standard
stellarL . If L of a star is calculated from one of its absolute magnitudes (Mξ , where
ξ indicates a filter in a photometric system) and corresponding standardBC, it is
called standardL while L according to the Stefan-Boltzmann law is standard by
definition.

The methods (2) and (3) are indirect because a pre-determined MLR is required
for method (2) and a pre-determinedBC−Teff relation is necessary for method (3).
In the absence of these pre-determined relations, both are not operable.

Ekeret al.(2021b) claimed the indirect methods are less accurate thanthe direct
method providing a stellarL with a typical accuracy of 8.2–12.2 per cent, which
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could be as high as a few per cent,e.g., primary of V505 Per hasL = 2.688 L⊙ and
its uncertainty (∆L/L) is 2.53 per cent implied by very small relative uncertainties
of its radius∆R/R= 1.09 per cent and effective temperature∆Teff/Teff = 0.32 per
cent (Tomasellaet al. 2008). Only if a uniqueBC directly determined from an
observed SED with very high spectral resolution is used in the third method, then
the relative uncertainty of predictedL could be improved up to a level of about one
per cent. Otherwise, using a standardBC predicted from the standardBC−Teff

relation, method (3) cannot provide an accuracy better thanthe direct method.
However, using a uniqueBC in method (3) is just a speculation, that is, it is

impractical nowadays as expressed by Ekeret al. (2021b). Therefore, the primary
aim of this study is not to speculate, but to investigate how to improve the standard
stellar luminosities obtained by the third method using realistic multiband standard
BC−Teff relations. To achieve this aim, a new method is introduced for estimating
relative light contributions of binary components from a simplified SED, operable
virtually at any photometric passband. Then, the classicalmethod of Ekeret al.
(2020), which requires an apparent magnitude of a binary system, the light ratio of
components, a reliable parallax and an interstellar extinction, is used for predict-
ing the multibandBC−Teff relations for the GaiaG, GBP and GRP, and Johnson
B, V passbands. Data and input parameters are described in Section 2. The new
method is explained in Section 3. Calibrations of multibandBC−Teff relations
are described in Section 4. How to improve standardL of a star is discussed in
Section 5. Discussions are found in Section 6. Conclusions are in Section 7.

2. Data

Having essentially the same purpose, to obtain the most reliable empiricalBC
from the most reliable stellar parameters and then to calibrate the most reliable
BC−Teff relations, this study and Ekeret al. (2020) rely upon the same original
data set of Double-Lined Detached Eclipsing Binaries (DDEB) published by Eker
et al. (2018). 509 main-sequence stars in the solar neighborhood of the Galactic
disk – the components of DDEBs – with most reliable masses (M ) and radii (R)
accurate within 15 per cent and with published effective temperatures (Teff ) having
metallicities 0.008≤ Z ≤ 0.040 were originally used by Ekeret al. (2018) for
calibrating interrelated mass–luminosity (MLR), mass–radius (MRR) and massvs.
effective temperature (MTR) relations. Later, Ekeret al.(2020) combined this data
set with the data set of Graczyket al. (2019), who studied the global zero-point
shift between the photometric fluxes of 81 detached eclipsing binaries and Gaia
DR2 trigonometric parallaxes (Gaia Collaborationet al.2018) in order to increase
the number of available systems with component light ratiosin JohnsonB- and
V-bands, essential for computing the apparent magnitude of acomponent from the
total brightness of a system – a step required before computing BC of a component.
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This combined data set of Ekeret al. (2020) contained 290 DDEB having at
least one component on the main sequence. Aiming to calibrate a main-sequence
BCV−Teff relation, Ekeret al.(2020) could find only 400 main-sequence stars (194
binaries, 8 primaries, and 4 secondaries, that is, 206 systems) from the available
580 component stars (290 DDEB). 290 minus 206, that is, 84 systems were lost
because of a missing systemic apparent brightness (Vtot ), or a missing light ratio
( l2 / l1) in theV-band, or a missing parallax, or a missing interstellar dimming (AV ).
If any one of those parameters is missing for a system,BC of its components cannot
be calculated, that is, this system is not eligible for calculating BC. A percentage of
a third light is also needed if it is detected in the light curve of a system. 206 DDEB
has 412 components. After subtracting the non-main-sequence stars, the number of
stars with a computedBCV reduced to 400, from which a main-sequenceBCV−Teff

relation is calibrated by Ekeret al. (2020).
The original data set containing 290 systems investigated by Ekeret al. (2020)

is considered for this study for two purposes: First of all, we wanted to test whether
or not the new method used in this study provides reliable component light con-
tributions. For this, 206 systems withV andB-passband light ratios published by
Ekeret al.(2020) are ideal for testing by comparing to the light ratiosfound in this
study. Nevertheless, the new method also has its own limitations, to be discussed
in the next section. That is, 206 systems will naturally be reduced further. To com-
pensate for such a further loss and to be able to use its applicability to the systems
even without standardV light curve solutions, the larger data set (290 system) was
chosen as the main sample for this study.

Here in this study, nearly the same number (406) of main-sequence stars are
found as the components of 209 DDEB (197 system, 9 primaries and 3 secondaries)
eligible to calculate theirBC values and then to continue calibratingBC−Teff re-
lations for the Gaia photometric passbandsG, GBP and GRP. Among this sub-
sample 312 main-sequence stars (152 binaries, 5 primaries and 3 secondaries) are
found as a sub sub-sample containing stars common between the present study and
Ekeret al. (2020), which are sufficient for testing and verifying the validity of the
component contributions predicted by the new method involving SED.

The basic physical parameters of the components and total brightness inB,
V and Gaia passbands of DDEBs used in this study are listed in Table 1. Order,
name of the system, the component (primary or secondary) arelisted in the first
three columns. Note that the primaries and the secondaries identified as non-main-
sequence stars are indicated by p* or s*. From the fourth to seventh columns,
masses and radii with their errors are given. In columns 9 and10, temperatures
and errors are given. References for physical parameters are listed in columns 8
and 11. The total brightness of the systems inB- andV-bands with their errors are
provided in columns 12–15 with their references in the 16th column. In the rest
of the columns (17–22), the total brightness of the systems in the Gaia passbands
which are available in the Gaia EDR3 are given.
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T a b l e 1

Physical parameters and total magnitudes of selected systems inB, V, G, GBP andGRP

Order Name pri/sec M err R err Reference T err Reference B err V err Reference G err GBP err GRP err
[M⊙ ] [M⊙ ] [R⊙] [R⊙ ] [K] [K] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

1 V421 Peg p 1.594 0.029 1.584 0.028 2016NewA...46...47O 7250 80 2016NewA...46...47O 8.650 0.010 8.280 0.010 2016NewA...46...47O 8.208 0.003 8.384 0.003 7.890 0.004
2 V421 Peg s 1.356 0.029 1.328 0.029 2016NewA...46...47O 6980 120 2016NewA...46...47O 8.650 0.010 8.280 0.010 8.208 0.003 8.384 0.003 7.890 0.004
3 DV Psc p 0.677 0.019 0.685 0.030 2014PASA...31...24E 4450 82007MNRAS.382.1133Z 11.604 0.010 10.621 0.010 2000A&A...355L..27H 10.219 0.005 10.997 0.015 9.334 0.013
4 DV Psc s 0.475 0.010 0.514 0.020 2014PASA...31...24E 3614 82007MNRAS.382.1133Z 11.604 0.010 10.621 0.010 10.219 0.005 10.997 0.015 9.334 0.013
5 MU Cas p 4.657 0.100 4.192 0.050 2014PASA...31...24E 14750500 2004AJ....128.1840L 11.112 0.009 10.808 0.007 2019ApJ...872...85G 10.742 0.003 10.894 0.003 10.452 0.004
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

414 AP And s 1.251 0.004 1.195 0.005 2014AJ....147..148L 6495 150 2014AJ....147..148L 11.606 0.057 11.074 0.085 10.9100.003 11.195 0.003 10.457 0.004
415 AL Scl p 3.617 0.110 3.241 0.050 2014PASA...31...24E 13550 350 1987A&A...179..141H 5.985 0.014 6.070 0.009 2000A&A...355L..27H 6.073 0.003 6.017 0.004 6.145 0.004
416 AL Scl s 1.703 0.040 1.401 0.020 2014PASA...31...24E 10300 360 1987A&A...179..141H 5.985 0.014 6.070 0.009 6.073 0.003 6.017 0.004 6.145 0.004
417 V821 Cas p 2.025 0.066 2.308 0.028 2014PASA...31...24E 9400 400 2009MNRAS.395.1649C 8.402 0.029 8.286 0.017 2019ApJ...872...85G 8.227 0.003 8.265 0.003 8.121 0.004
418 V821 Cas s 1.620 0.058 1.390 0.022 2014PASA...31...24E 8600 400 2009MNRAS.395.1649C 8.402 0.029 8.286 0.017 8.227 0.003 8.265 0.003 8.121 0.004

T a b l e 2

Component apparent magnitudes of DDEB inB, V, G, GBP andGRP according to component contributions estimated by the new method using simplified SED

Order Name pri/sec Cross Reference Cont. (Ekeret al.2020) Unreddened light contribution (this study) Component apparent brightness [mag]
Xref 1 Xref 2 lB lV lB lV lG lGBP

lGRP
B err V err G err GBP err GRP err

1 V421 Peg p 1 1 – 0.624 0.630 0.622 0.621 0.625 0.614 9.152 0.010 8.796 0.010 8.725 0.003 8.894 0.003 8.421 0.004
2 V421 Peg s 2 1 – 0.376 0.370 0.378 0.379 0.375 0.386 9.729 0.010 9.335 0.010 9.261 0.003 9.449 0.003 8.923 0.004
3 DV Psc p 5 2 0.918 0.889 0.906 0.873 0.852 0.878 0.826 11.711 0.010 10.768 0.010 10.393 0.005 11.138 0.015 9.541 0.013
4 DV Psc s 6 2 0.082 0.111 0.094 0.127 0.148 0.122 0.174 14.166 0.010 12.861 0.010 12.294 0.005 13.284 0.015 11.233 0.013
5 MU Cas p 7 3 0.556 0.557 0.551 0.554 0.553 0.552 0.556 11.758 0.009 11.450 0.007 11.385 0.003 11.539 0.003 11.090 0.004
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

414 AP And s 582 204 0.470 0.471 0.471 0.473 0.474 0.472 0.476 12.424 0.057 11.886 0.085 11.721 0.003 12.010 0.003 11.263 0.004
415 AL Scl p 583 205 0.960 0.950 0.924 0.914 0.916 0.920 0.904 6.070 0.014 6.167 0.009 6.169 0.003 6.107 0.004 6.255 0.004
416 AL Scl s 584 205 0.040 0.050 0.076 0.086 0.084 0.080 0.096 8.790 0.014 8.738 0.009 8.760 0.003 8.764 0.004 8.685 0.004
417 V821 Cas p 585 206 0.797 0.779 0.794 0.784 0.785 0.789 0.774 8.652 0.029 8.550 0.017 8.490 0.003 8.522 0.003 8.400 0.004
418 V821 Cas s 586 206 0.203 0.221 0.206 0.216 0.215 0.211 0.226 10.120 0.029 9.951 0.017 9.893 0.003 9.957 0.003 9.736 0.004

Full versions of Tables 1 and 2 are available form theActa Astronomica Archive(see cover page)
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T a b l e 3

Component absolute magnitudes of DDEB inB, V, G, GBP andGRP and propagated uncertainties

Order Name pri/sec Parallaxσϖ
ϖ L/L⊙ L(SI) ∆L

L Mbol err AB AV AG AGBP
AGRP

MB err MV err MG err MGBP
err MGRP

err

[mas] [%] ×1027 [%] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

1 V421 Peg p 6.5051 0.4 6.245 2.390 6 2.751 0.061 0.122 0.092 0.087 0.104 0.057 3.096 0.042 2.770 0.042 2.704 0.041 2.857 0.041 2.430 0.041
2 V421 Peg s 6.5051 0.4 3.771 1.444 8 3.299 0.088 0.122 0.092 0.087 0.104 0.057 3.673 0.042 3.310 0.042 3.240 0.041 3.412 0.041 2.932 0.041
3 DV Psc p 23.7216 0.1 0.166 0.063 9 6.691 0.095 0.800 0.603 0.492 0.633 0.368 7.787 0.041 7.041 0.041 6.777 0.040 7.381 0.043 6.049 0.042
4 DV Psc s 23.7216 0.1 0.041 0.016 8 8.219 0.085 0.800 0.603 0.492 0.633 0.368 10.242 0.041 9.134 0.041 8.678 0.040 9.528 0.043 7.741 0.042
5 MU Cas p 0.5133 3.7 749.386 286.827 14−2.447 0.149 1.644 1.233 1.243 1.446 0.776−1.333 0.091 −1.231 0.090 −1.305 0.090 −1.356 0.090 −1.133 0.090
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

414 AP And s 2.9143 0.7 2.291 0.877 9 3.840 0.101 0.406 0.306 0.282 0.341 0.190 4.340 0.071 3.903 0.095 3.762 0.043 3.991 0.043 3.395 0.043
415 AL Scl p 4.6006 3.6 319.014 122.103 11−1.519 0.117 0.041 0.031 0.032 0.037 0.020−0.657 0.090 −0.550 0.089 −0.549 0.088 −0.616 0.089 −0.451 0.089
416 AL Scl s 4.6006 3.6 19.903 7.618 14 1.493 0.155 0.041 0.0310.032 0.037 0.020 2.063 0.090 2.021 0.089 2.042 0.088 2.042 0.089 1.979 0.089
417 V821 Cas p 3.4262 0.6 37.469 14.341 17 0.806 0.187 0.123 0.092 0.092 0.107 0.058 1.203 0.051 1.132 0.045 1.072 0.042 1.089 0.042 1.016 0.042
418 V821 Cas s 3.4262 0.6 9.522 3.644 19 2.293 0.205 0.123 0.092 0.092 0.107 0.058 2.671 0.051 2.532 0.045 2.475 0.042 2.5240.042 2.352 0.042

Eleven DR2 and one Hipparcos parallaxes are shown in square brackets and parenthesis, respectively.

T a b l e 4

Empirical standard componentBCs of DDEB inB, V, G, GBP andGRP and propagated uncertainties

Order Name pri/sec BCB err BCV err BCG err BCGBP
err BCGRP

err (B−V)0 (V −G)0 (G−GBP)0 (G−GRP)0 (GBP−GRP)0
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

1 V421 Peg p −0.345 0.074 −0.019 0.070 0.047 0.069−0.105 0.074 0.322 0.065 0.326 0.066 −0.152 0.275 0.427
2 V421 Peg s −0.374 0.098 −0.011 0.094 0.059 0.094−0.113 0.097 0.367 0.091 0.363 0.070 −0.172 0.308 0.480
3 DV Psc p −1.096 0.104 −0.350 0.101 −0.085 0.100 −0.689 0.105 0.642 0.098 0.746 0.265 −0.604 0.728 1.332
4 DV Psc s −2.023 0.095 −0.916 0.091 −0.460 0.090 −1.309 0.095 0.478 0.088 1.108 0.456 −0.849 0.938 1.787
5 MU Cas p −1.113 0.175 −1.216 0.173 −1.141 0.173 −1.091 0.175 −1.313 0.171 −0.102 0.075 0.050 −0.172 −0.222
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

414 AP And s −0.500 0.123 −0.063 0.136 0.078 0.106−0.151 0.110 0.445 0.104 0.437 0.141 −0.229 0.367 0.597
415 AL Scl p −0.863 0.147 −0.970 0.145 −0.970 0.144 −0.903 0.147 −1.069 0.143 −0.107 0.000 0.067 −0.099 −0.165
416 AL Scl s −0.570 0.179 −0.528 0.177 −0.549 0.176 −0.549 0.178 −0.486 0.175 0.042 -0.021 0.000 0.063 0.063
417 V821 Cas p −0.397 0.194 −0.326 0.190 −0.267 0.190 −0.283 0.191 −0.210 0.188 0.071 0.059 −0.016 0.057 0.073
418 V821 Cas s −0.377 0.211 −0.239 0.208 −0.182 0.208 −0.230 0.209 −0.059 0.206 0.138 0.057 −0.048 0.123 0.172

Full versions of Tables 3 and 4 are available form theActa Astronomica Archive(see cover page)
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In Table 2, in addition to the first three columns which are thesame as in Ta-
ble 1, the fourth and fifth columns give cross references where Xref(1) (column 4)
indicates the order number in Ekeret al. (2018) and Xref(2) (column 5) indicates
the order number in Ekeret al. (2020). Every system in this study has at least one
Xref number in columns 4 and 5. Only five binaries from the listof Graczyket al.
(2019) do not have Xref in column 4. Systems without Xref numbers in column 5
are the ones excluded by Ekeret al. (2020) either because of missingV-band light
ratio or without interstellar extinction etc. In this study, we preferred to display
component contributions (columns 6 and 7) rather than lightratios which were pre-
ferred by Ekeret al. (2020). Thus, the sum of the contributions of the primary and
the secondary is one.

The advantage here is that the component contributions of all systems in Table 2
are predictable by the new method. There are two possibilities for this: from the
reddened SED, and the other from the unreddened SED. The unreddened light con-
tributions are listed in Table 2 (columns 8, 9, 10, 11, 12) forB, V, G, GBP andGRP

passbands, respectively. Since reddened component contributions are the same in
four digits after the decimal, to save space, they are not shown in Table 2.

At last, component apparent magnitudes in accord with the contributions are
given in columns 13, 15, 17, 19 and 21 for the same bands in the same order.
Rather than propagating observational random errors, Ekeret al. (2020) had no
option but to assume the same uncertainty for the component magnitudes as the
systemic brightness because the light ratio (L2 /L1) of components predicted from
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Fig. 1. Primary (+) and secondary (x) components on the main-sequence and components discarded
(empty circles). Numbers are in the order in Table 1, p and s for primary and secondary. Solid lines
show ZAMS and TAMS limits for solar metallicity (Z = 0.014).
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light curve solutions are usually published without an uncertainty. Using the same
method here, the same steps are followed in this study. That is, the uncertainty
of the component magnitudes were assumed to have the same uncertainty as the
uncertainty of the systemic brightness.

One may notice that many systems in Table 2 do not haveB-band apparent mag-
nitudes (column 13) in contrast to apparent magnitudes at Gaia passbands, which
are almost complete excluding onlyβ Aur and α CrB (both are too bright for
reliable measurement), while ten systems have missingV-band magnitude.

There are eleven more systems, including VV Pyx, (marked in Table 3) which
do not produce reliable SED model with EDR3 parallaxes. DR2 parallaxes produce
better SED model in this cases. For VV Pyx,β Aur and α CrB we found better
SED models with Hipparcos parallaxes.

Before going to the next section, where the new method is described, we must
certify the 406 stars considered in this study are all in the main-sequence stage of
evolution, which is very obvious in Fig. 1. The three primaries and nine secondaries
identified as non-main-sequence stars appear located outside of the main-sequence
limits, which are shown by continuous lines, according to ZAMS (Zero Age Main
Sequence) and TAMS (Terminal Age Main Sequence) limits for the solar abun-
danceZ = 0.014 fromPARSEC evolutionary models (Bressanet al.2012).

Metal abundance distribution of DDEB at the solar neighborhood within the
disk of the Milky Way has already been discussed by Ekeret al. (2018), where
the peak at the solar metallicity (Z = 0.014−0.017) together with the lower (Z =
0.008) and the upper (Z = 0.040) limits were indicated. To save space and to
be clearer at identifications of non-main-sequence stars inFig. 1, the ZAMS and
TAMS curves forZ = 0.008, Z = 0.040 and discussions therein are not repeated
in this study. However, because the present sub-sample is mainly selected from the
sample of Ekeret al. (2018), metal abundances of the main-sequences stars used
in this study are also expected to have a similar metallicitydistribution within the
limits 0.008≤ Z ≤ 0.040.

3. A New Method Involving SED to Obtain Light Ratio of Components

When computingBC of stars, unlike previous studies (Codeet al.1976, Cayrel
et al.1997, Girardiet al.2008, Andraeet al.2018, Chenet al.2019) utilizing the
well-known relation directly withSλ(V) (sensitivity function of theV magnitude
system), fλ , (monochromatic flux from a star),fbol , (bolometric flux of a star
reaching the telescope if there is no extinction), andC2 (arbitrary constant of inte-
gration),

BCV = 2.5log
fV
fbol

+C2 = 2.5log

R ∞
0 Sλ(V) fλ dλ

R ∞
0 fλ dλ

+C2, (1)
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here, we introduce a new method operating indirectly. This new method deserves
to be called indirect because theV filtered radiation

fV =
Z ∞

0
Sλ(V) fλ dλ, (2)

is calculated using the SED model with simplifications only for predicting relative
light contributions (to be explained later) of component stars in binaries. Only after,
apparent magnitudes of the components calculated from apparent magnitude of the
system using the light ratio of components, and absolute magnitudes are calculated
from the apparent magnitudes as being corrected for interstellar extinction,BC of
each component is calculated as

BCV = Mbol−MV . (3)

The first simplification is that the spectrum of a component (fλ ) is approxi-
mated by a Planck Function, rather than a model atmosphere characterized by a
Teff , logg, micro-turbulent velocity (ζ) and metal abundance [Fe/H]. Being in-
dependent of model atmosphere parameters, the new method iseasier to use and
more suitable for obtaining empiricalBCs, e.g., for main-sequence stars, rather
than series ofBC tables specified with a logg, ζ or [Fe/H] for various passbands
of different photometric systems.

Assuming no interstellar extinction in the first approximation, a spherical star
with a radiusR produces a flux continuum (SED) at a distanced from its center.
The monochromatic flux could be expressed as:

fλ =
R2

d2 πBλ(Teff). (4)

Then, the second simplification becomes clear, the spectrallines and prominent
spectral features are ignored since the Plank function represents the star’s contin-
uum. The equation implies that limb darkening is also ignored within the solid
angleπR2/d2 where the isotropic intensity isBλ(Teff) . Eq.(4) would be adapted to
a detached binary with spherical components as:

fλ(system) =
π
d2

[

R2
1Bλ(T1)+R2

2Bλ(T2)
]

, (5)

whereR1 andR2 andT1 andT2 are radii and effective temperatures of the primary
and secondary, respectively. Ifd is also the distance from the Earth, thenfλ in
both equations would represent an unreddened SED in units ofW m−2A−1 . The
unreddened SED of V618 Per, which is one of the systems in Table 1, is shown
by a dashed curve starting from the upper left and ending at the lower right in
Fig. 2. The observed spectrophotometric flux data of V618 Perare taken from the
SIMBAD database (Wengeret al. 2000). The observed flux data does not appear
to fit the unreddened SED, especially toward shorter wavelengths. The deviation
from the unreddened SED is expected because of interstellarextinction.
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Fig. 2. Unreddened (dashed) and reddened (dotted) SED models for V618 Per. Flux data determining
the reddened SED are shown by filled circles. Crosses are datadeviated more than 3σ . For simplicity,
only the relativeV-band contributions of primary (continuous) and secondary(dot-dashed) are shown
by vertical profiles on the left. TheG-band dimming (AGRP ) is computed from the vertical profiles
on the right which are the total (primary + secondary) light of the system from the reddened (dotted)
and unreddened (dashed) SED after convolution by theG filter.

For modeling the observed SED data, our unreddened SED modelis reddened
by adjustingE(B−V) of the system until a best fitting reddened SED is obtained
using the reddening model of Fitzpatrick (1999). The parameter R(V) is adopted as
R(V) = 3.1. Since we have calculated the parameterR(λ) = Aλ/E(B−V) for each
filter individually, the initially selected value ofR(V) did not affect our analysis.
We will discuss this issue later. Theχ2 fitting of the reddened SED is displayed by
a dotted continuous curve just below the unreddened SED in Fig. 2.

Assuming no interstellar extinction, that is the previously computed unred-
dened SED (Eq. 5), one may compute unreddened visual fluxfV of a component,
if a reliable trigonometric parallax (or distance) is available, usingfλ from Eq.(4)
to indicate the flux contribution of the component in theV filtered radiation (SED)
reaching above the Earth’s atmosphere. However, by replacing the unreddenedfλ
with the reddenedfλ , which is obtained byχ2 fitting, one may compute theV-band
flux contribution of the very same component in the reddened SED.

We have systematically calculated both reddened and unreddened component
contributions atB, V, G, GBP and GRP passbands using the filter profiles from
Bessel (1990) and Evanset al. (2018) for JohnsonB, V, and Gaia passbands, re-
spectively. For the sake of clarity, onlyV-band contributions of the primary and the
secondary of V618 Per corresponding to the reddened SED are shown in Fig. 2 as
vertical profiles on the left where the solid and dotted-dashlines are for primary’s
and secondary’s contribution, respectively. Unreddened contributions of primary
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and secondary are not shown for clarity. Notice that having abigger radius and
a hotter effective temperature, the primary’s contribution is larger than the sec-
ondary’s contribution. Relative contributions of components are given in Table 2
(columns 6–12). The relative contribution of a primary is computed as:

Primary′scont. =
fξ(pri)

fξ(pri)+ fξ(sec)
, (6)

whereξ represents one of the passbandsB, V, G, GBP and GRP. Then, the sec-
ondary’s relative contribution is just one minus the primary’s contribution.

3.1. Multiband Standard BCξ by the New Method

The new method provides not only component contributions but also provides
the amount of dimming due to interstellar extinction in magnitude scale (Aξ ) which
is needed when computing absolute magnitude (Mξ ) of a component from its ap-
parent magnitudeξ ,

Mξ = ξ+5logϖ+5−Aξ, (7)

whereϖ andAξ are trigonometric parallax in arcseconds and interstellarextinction
in magnitudes for the passbandξ , respectively. It would be clear according to Fig. 2
that

Aξ = 2.5log

R ∞
0 Sλ(ξ) f 0

λ(system)dλ
R ∞

0 Sλ(ξ) fλ(system)dλ
, (8)

where f 0
λ (system) is the unreddened SED of the system. The profile after convo-

lution of f 0
λ (system) by theG filter is shown as the dashed vertical profile on the

right in Fig. 2. fλ (system) is the reddened SED of the system. The profile after
convolution of fλ (system) by theG filter is shown as the dotted vertical profile in
Fig. 2.

The dimming (Aξ ) in each of the photometric bandsB, V, G, GBP, andGRP are
calculated according to Eq.(8) and they are listed in Table 3together with the other
parameters needed for computing absolute magnitudes of thecomponents. The
first three columns are the same as in Table 2 (order, name, andp or s). Parallax
and relative error of parallax are in columns 4–5.L of the components accord-
ing to Stefan-Boltzmann law in Solar and SI units and its associated relative error
propagated from the uncertainties of radius andTeff are in columns 6–8. After
bolometric absolute magnitudes (column 9), which are computed directly fromL ,
using the relation suggested by IAU General Assembly Resolution B2, hereafter
(IAU 2015 GAR B2)

Mbol = −2.5logL+Cbol, (9)

whereCbol = 71.197425... if L uses SI units,Cbol = 88.697425. . . , and if L uses
cgs units (IAU 2015 GAR B2, Ekeret al.2021a), the interstellar extinctions (dim-
ming) in V, B, G, GBP, andGRP passbands are given in columns 11–15. The rest
of the columns of Table 3 is reserved for the absolute magnitudes of components
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in V, B, G, GBP, and GRP bands and their associated errors. Finally, the multi-
band standardBC values of the component stars according to the basic definition
BCξ = Mbol−Mξ (multiband form of Eq. 3) are listed in Table 4, where the columns
are self-explanatory, order, name, p or s,BCB and its error,BCV and its error,BCG

and its error,BCGBP and its error,BCGRP and its error.

3.2. Testing the New Method

Even if a zero-point error is absent, besides the propagatederrors originating
from the random observational uncertainties, consequenceerrors would also be ap-
pended to a computedBC if it is calculated directly from Eq.(1) with a simplified
SED. The consequence errors are defined here to indicate errors in a computedBC
if it is predicted according to Eq.(1) where the SED of the component is not its ob-
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Fig. 3. Comparison ofB andV passband calculated primary (+) and secondary (o) component light
contributions with those listed in Ekeret al. (2018). a and c are from reddened SED, b and d are
from unreddened SED. Solid line refers toy = x. Note that the number of data points (N ) are not
the same. This is because some systems have only aV-band light ratio predicted from aV-band light
curve while the rest have bothB andV-band light ratios fromB andV-band light curves.
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served spectrum with a sufficient resolution but a spectrum represented by a Planck
function with Teff of the component. The consequence errors are expected because
simplifications introduced by Planck functions make some prominent spectral fea-
tures lost, thus the computedBC would be affected. Existence of a consequence or
a zero-point error is sufficient to make a calculatedBC non-standard.

Zero-point errors are avoided if one uses Eqs.(3) and (9), asit was claimed by
IAU 2015 GAR B2 and Ekeret al. (2021a), when computingBC of a component
directly from BCV = Mbol−MV . For the consequence errors, however, we claim:
Unlike Eq.(1) with a simplified SED excluding certain prominent spectral features
together with spectral lines, the method in this study, which uses Eq.(3) rather
than Eq.(1), does not exclude any of the spectral features and lines despite using a
simplified SED. This is because the total effect of all prominent features and lines
on a spectrum is automatically included in throughMV in Eq.(3) where a simplified
SED is needed indirectly only for estimating relative lightcontributions of binary
components from whichMbol andMV of the components are predicted.

Nevertheless, a test is necessary to make sure if the simplified SED provides re-
liable light contributions of the components. Fig. 3 compares fractional component
contributions predicted in this study to a limited number offractional light contri-
butions inB- andV-passbands from the eclipsing light curves collected by Eker et
al. (2020) for producingBCV and BCV−Teff relation obtained from DDEB. The
one-to-one correlation of almost all data is very clear. Notonly component contri-
butions from the reddened SED but also the unreddened SED of this study almost
perfectly confirm the component contributions (columns 6–12, Table 2) obtained
from the eclipsing binary light curves.

Fig. 3 confirms that even if a light curve of an eclipsing binary system is highly
reddened because of interstellar extinction, the light ratio of components or com-
ponent contributions predicted from light curve solutionsare the same as the light
contributions predicted by the new method using the reddened and unreddened SED
of the system.

4. Calibrations of Multiband BBBCCC – Temperature Relations

OnceBCs according to Eq.(3) are available (Table 4), then it is straightforward
to calibrateBC−Teff relations usingTeff of the component stars. The least-squares
method is used to obtain the best-fitting curve of a calibrated BC−Teff . Fig. 4
shows the empirical standardBC values computed in this study and the best-fitting
fourth-degree polynomials together with 1σ deviations below each panel forG,
GBP and GRP. Empirical standardBC−Teff relations forV- andB-passbands of
Johnson photometry are also produced for comparingBC−Teff of the V-band by
Ekeret al. (2020). Fig. 5 shows theBC−Teff curves forB- andV-bands.

Comparing component light contributions produced in this study to the ones
from light curve solutions as in Fig. 3 is a preliminary test of the new method
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Fig. 4. Empirical StandardBC−Teff relation for G (top), GBP (middle) and GRP passbands (bot-
tom). The best-fitting curves (solid lines), the standard (rms) and 1σ deviations (dashed lines) are
indicated. N is the total number of standardBC, used in the fit. Filled and empty circles refer to
primary and secondary components, respectively.
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Fig. 5. Empirical standardBC−Teff relation forB (top) andV-passbands (bottom). The best-fitting
curves (solid lines), the standard (rms) and 1σ deviations (dashed lines) are indicated.N is the
total number of standardBCs. Filled and empty circles refer to primary and secondary components,
respectively.

wether reliable component contributions are produced or not. Having consistent
BC−Teff relations in all the passbandsB, V, G, GBP and GRP is the second test
of the new method, which is successful again. Successfully producedBC−Teff

relations confirm not only the validity of component light contributions but also
confirm the reliability of dimming (Aξ ) provided using the new method.

Coefficients and uncertainties for theBC−Teff functions from the least-square
method are listed in Table 5 where the columns are for the photometric bands used
in this study including a comparison column (column 4) of Eker et al. (2020).
The rows are for the coefficients of the fitting polynomial, where associated errors
are indicated by± just below the value of a coefficient. The lower part of the
table compares standard deviation (rms), correlation (R2), and the standardBC
of a main-sequence star withTeff = 5772 K (a solar twin). MaximumBC and
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corresponding effective temperatures are given below the absolute and apparent
magnitudes. The lowest part of the table is for indicating the range of the positive
BC values if exist.T1 andT2 are the two temperatures, which makeBC= 0. The
BC values betweenT1 and T2 are all positive else negative. IfT1 and T2 are not
given, then allBC values are all negative or all positive. If onlyT2 is given, then
BC is positive forTeff < T2 , BC= 0 if Teff = T2 elseBC is negative.

Table 5 indicatesBC−Teff curve of this study has a smallerrms and higher
correlation (R2 value) compared to therms and correlation coefficient obtained
in Eker et al. (2020). Fig. 6a compares theBCV−Teff curve of this study to the
BCV−Teff curves by Flower (1996), Ekeret al. (2020), Mamajek (2021, private
communication) and Cox (2000).BCs of Cox (2000) are all overestimated (more
negative) compared to otherBC displayed in the figure except Flower’s (1996)
toward the coolest part of the temperature scale. TheBC values of Mamajek (2021)
appear overestimated (more negative) compared to theBC values of Ekeret al.
(2020) for the stars hotter than 10 000 K, also for a very smallrange of coolest stars
but the rest appears to be the same. TheBC values of Flower (1996) deviate from
the curve of Ekeret al. (2020) and Mamajek (2021) as being bigger absolute value
toward the coolest temperatures. Nevertheless, except fora limited temperature
range near 10 000 K, all otherBC values appear underestimated when compared to
the standardBCs of this study.

Several tables exist which provideBCs in different photometric passbands in-
cluding Gaia photometry (Martins and Plez 2006, Jordiet al. 2010 and Pedersen
et al. 2020) as a function of atmospheric parametersTeff , logg, ζ or [Fe/H] and
are commonly used to derive isochrones in different colors,Girardi et al. (2002)
is one example. First, Andraeet al. (2018) combinedBCG of various atmospheric
parameters ( logg, ζ , metallicity) and produced a singleBCG−Teff relation for the
main-sequence stars having effective temperatures (3300–8000 K). Later, Pedersen
et al. (2020) gave the same for temperature range (10 000–30 000 K) together with
other 26 filters commonly used. Fig. 6b compares empiricalBC−Teff curve in the
G-band of this study to theG-bandBC−Teff curve of Andraeet al.(2018) and Ped-
ersenet al. (2020), which appears overestimatingG-bandBC for the stars cooler
than 6500 K and hotter than 10 000 K, respectively. OtherBC−Teff relations rep-
resenting a specificζ or [Fe/H] predicted from model atmospheres are not suitable
for comparison to the empirical relations of this study.

Empirical BC−Teff relations are not like fundamental relations,e.g., Stefan-
Boltzmann law. They are rather statistical relations like classicalMLR (Ekeret al.
2018, 2021b). They could be used only under correct conditions set statistically.
Because of stellar evolution (Clayton 1968), there could bemany stars with the
sameM but variousL due to different ages, different chemical compositions and
internal mixing. Therefore, in reality, there is no unique luminosity (L) for a typ-
ical main-sequence star of a given mass (M ). However, with a large uncertainty
covering L values of all main-sequence stars, the classicalMLR’s may provide
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T a b l e 5

Parameters for passband basedBC vs.temperature relations

Coefficient BCB BCV BCV∗ BCG BCGBP BCGRP

a −1272.43 −3767.98 −2360.69565 −1407.14 −3421.55 −1415.67
±394.2 ±288.8 ±519.80058 ±256.7 ±293.6 ±253.3

b 1075.85 3595.86 2109.00655 1305.08 3248.19 1342.38
±394.4 ±290.9 ±519.47090 ±258.9 ±296.1 ±255.4

c −337.831 −1286.59 −701.96628 −453.605 −1156.82 −475.827
±147.7 ±109.6 ±194.29038 ±97.67 ±111.7 ±96.34

d 46.8074 204.764 103.30304 70.2338 183.372 74.9702
±24.53 ±18.32 ±32.23187 ±16.34 ±18.68 ±16.12

e −2.42862 −12.2469 −11.5957 −4.1047 −10.9305 −4.44923
±1.552 ±1.146 ±1.441 ±1.023 ±1.169 ±1.009

rms 0.136257 0.120071 0.215 0.11068 0.126577 0.109179
R2 0.9616 0.9789 0.941 0.9793 0.9738 0.9884

BC⊙ [mag] −0.600 0.069 −0.016 0.106 −0.134 0.567
M⊙ [mag] 5.340 4.671 4.756 4.634 4.874 4.173
m⊙ [mag] −26.232 −26.901 −26.816 −26.938 −26.698 −27.399

BCmax [mag] −0.301 0.094 0.095 0.106 −0.062 0.709
Tmax [K] 8222 6397 6897 5715 6879 4345

T1 [K] – 5300 5859 4565 – –
T2 [K] – 7830 8226 7420 – 8590

*: Eker et al. (2020)
Parameters have the formBCξ = a + b× (logTeff) + c× (logTeff)

2 + d × (logTeff)
3 + e×

(logTeff)
4 (Figs. 4 and 5). For the calculation of passband based solar absolute magnitudes,

solar absolute bolometric magnitude is adopted to beMbol,⊙ = 4.74 and theBC⊙ refers to
Teff,⊙ = 5772 K. The relations are valid in the temperature range of 2900–38 000 K.

only a meanL for a typical main-sequence star of a givenM . The same is true
that theBC−Teff relations may provide only a mean or a typicalBC for a typical
main-sequence star of a given typicalTeff .

Therefore, it is an astrophysical interest to have a table indicating typicalTeff

and typicalBC of main-sequence stars. Table 6 is the extension of an original
table given by Ekeret al.(2018) and Ekeret al. (2020), where typical fundamental
astrophysical parameters of main-sequence stars are presented withBC, (B−V)0

andMV as a function of typical effective temperatures associatedwith the spectral
types. Table 6, here, is kept short to contain only spectral types, typicalTeff and
meanBCs and intrinsic colors of nearby Galactic main-sequence stars with 0.008
< Z < 0.040 for the bandsB, V, G, GBP andGRP.

An interesting feature of multibandBC−Teff relations would be revealed if the
BC values on Table 6 are plotted on a single frame (Fig. 7) as a function of effective
temperature. It is not a surprise to seeBC−Teff relations of Gaia passbands (Fig. 7a)
cut each other at a common point near≈ 10000 K (logTeff = 4). This must be due
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T a b l e 6

Mean bolometric corrections and intrinsic colors of nearbymain-sequence stars as a function of
typical effective temperature and spectral types having metallicities 0.008< Z < 0.040 for the

passbandsB, V, G, GBP andGRP

From Table 5 From Table 8

SpT Teff BCB BCV BCG BCGBP BCGRP (G−GRP)0 (GBP−GRP)0 (GBP−GRP)0 (B−V)0
(K) [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

O7 35810−3.088 −3.399 −3.291 −3.150 −3.671 −0.380 −0.521 −0.562 −0.364
O8 33963−2.941 −3.192 −3.126 −2.957 −3.492 −0.367 −0.536 −0.543 −0.352
O9 32211−2.795 −2.997 −2.965 −2.775 −3.319 −0.354 −0.544 −0.525 −0.340
B0 29512−2.556 −2.700 −2.709 −2.497 −3.042 −0.334 −0.545 −0.493 −0.320
B1 25119−2.127 −2.218 −2.266 −2.045 −2.561 −0.296 −0.516 −0.432 −0.279
B2 21135−1.690 −1.769 −1.827 −1.626 −2.079 −0.252 −0.453 −0.359 −0.231
B3 18408−1.364 −1.446 −1.501 −1.327 −1.714 −0.212 −0.387 −0.295 −0.190
B5 15136−0.955 −1.029 −1.076 −0.946 −1.222 −0.146 −0.276 −0.194 −0.123
B6 13964−0.808 −0.869 −0.914 −0.803 −1.029 −0.115 −0.226 −0.148 −0.093
B7 13032−0.694 −0.737 −0.782 −0.687 −0.868 −0.086 −0.181 −0.106 −0.065
B8 12023−0.576 −0.591 −0.636 −0.560 −0.685 −0.049 −0.125 −0.053 −0.031
B9 10666−0.436 −0.389 −0.437 −0.390 −0.425 0.012 −0.035 0.032 0.026
A0 9886 −0.371 −0.274 −0.323 −0.297 −0.269 0.055 0.028 0.093 0.067
A1 9419 −0.340 −0.206 −0.257 −0.243 −0.173 0.084 0.070 0.135 0.095
A2 9078 −0.322 −0.158 −0.209 −0.206 −0.102 0.107 0.104 0.168 0.118
A3 8750 −0.309 −0.113 −0.164 −0.173 −0.033 0.130 0.140 0.202 0.142
A5 8222 −0.301 −0.045 −0.094 −0.125 0.078 0.172 0.204 0.266 0.185
A6 7980 −0.303 −0.016 −0.064 −0.107 0.130 0.194 0.237 0.298 0.209
A7 7745 −0.308 0.009 −0.036 −0.091 0.179 0.215 0.271 0.332 0.233
A8 7534 −0.317 0.030 −0.012 −0.079 0.224 0.236 0.304 0.365 0.257
F0 7161 −0.343 0.062 0.027 −0.066 0.302 0.275 0.367 0.427 0.303
F1 6966 −0.363 0.075 0.045 −0.062 0.342 0.297 0.404 0.466 0.331
F2 6792 −0.384 0.084 0.059 −0.062 0.377 0.318 0.440 0.501 0.357
F3 6637 −0.406 0.089 0.071 −0.064 0.408 0.337 0.473 0.535 0.382
F5 6397 −0.447 0.094 0.086 −0.073 0.455 0.369 0.529 0.591 0.429
F6 6310 −0.464 0.093 0.091 −0.078 0.472 0.381 0.550 0.613 0.447
F7 6223 −0.483 0.092 0.095 −0.084 0.488 0.393 0.573 0.636 0.465
F8 6152 −0.499 0.091 0.098 −0.090 0.501 0.403 0.591 0.655 0.481
G0 6026 −0.530 0.086 0.102 −0.102 0.524 0.422 0.626 0.690 0.510
G1 5957 −0.548 0.082 0.104 −0.110 0.536 0.433 0.646 0.710 0.526
G2 5888 −0.567 0.078 0.105 −0.118 0.548 0.443 0.667 0.730 0.543
G3 5848 −0.579 0.075 0.105 −0.124 0.555 0.450 0.679 0.743 0.554
G5 5741 −0.612 0.065 0.106 −0.140 0.573 0.467 0.713 0.776 0.582
G6 5689 −0.629 0.060 0.106 −0.148 0.581 0.476 0.730 0.793 0.596
G7 5649 −0.642 0.055 0.105 −0.155 0.588 0.483 0.743 0.806 0.607
G8 5559 −0.674 0.044 0.104 −0.172 0.602 0.498 0.774 0.837 0.633
K0 5248 −0.801 −0.010 0.090 −0.247 0.645 0.556 0.892 0.951 0.729
K1 5070 −0.888 −0.054 0.075 −0.302 0.666 0.591 0.969 1.028 0.788
K2 4898 −0.982 −0.106 0.056 −0.366 0.683 0.628 1.049 1.102 0.846
K3 4732 −1.085 −0.167 0.031 −0.439 0.696 0.665 1.135 1.177 0.902
K5 4345 −1.375 −0.362 −0.053 −0.660 0.709 0.762 1.368 1.365 1.025
M0 3802 −1.939 −0.803 −0.258 −1.138 0.666 0.924 1.804 1.659 1.193
M1 3648 −2.143 −0.977 −0.341 −1.323 0.636 0.978 1.959 1.750 1.240
M2 3499 −2.363 −1.174 −0.435 −1.528 0.598 1.033 2.126 1.845 1.286
M3 3350 −2.610 −1.402 −0.545 −1.765 0.547 1.092 2.312 1.947 1.331
M4 3148 −2.991 −1.770 −0.722 −2.143 0.457 1.179 2.600 2.111 1.393
M5 2999 −3.314 −2.094 −0.879 −2.473 0.370 1.249 2.843 2.264 1.439
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to using the Vega system of magnitudes, which assumes zero intrinsic colors for
a hypothetical star of A0V spectral type with an effective temperature 10 000 K.
The Vega system of magnitudes uses Vega as the standard star and assumes that all
intrinsic colors of Vega are equal to 0. While Vega is classified as an A0V star, its
effective temperature is 9600 K while its apparent brightness isV = 0.03 mag. The
crossing point of theBC−Teff relations of JohnsonB, V occurring erroneously at
a higher temperature (Fig. 7b) indicates lower precision and accuracy of Johnson
magnitudes with respect to Gaia magnitudes used in this study. This is not a surprise
because the totalB andV brightness of DDEB systems are collected from various
sources (see Table 1) unlike Gaia magnitudes, which are taken from a single source,
EDR3. The maximumBC and/or ranges of positiveBC values given in Table 5 are
visualized in Fig. 7.

5. How to Improve Standard Luminosities

Improving the accuracy of standardL could be achieved in two ways. One way
is to improve the accuracy of existing standardBC−Teff relations and the second
way is to increase the diversity of the standardBC−Teff relations. The former way
is already achieved by calibrating multiband standardBC−Teff relations using the
most accurate stellar astrophysical data available. The improved relations and their
related statistics are given in Table 5. A user would producea standardL of a
star almost twice more accurate now if he/she usesBCV−Teff relation of this study
rather thanBCV−Teff relation of Ekeret al. (2020) if propagated uncertainty of
MV of the star is dominated by relative parallax error

(σϖ
ϖ

)

and if it is σϖ/ϖ ≪
5.5 per cent. This is because the standard deviation of theBCV −Teff curve of
this study is reduced toSD= 0.12 mag implying 11.05 per cent for∆L/L if MV

is errorless, while it wasSD= 0.215 mag (see Table 5) implying 19.8 per cent
for ∆L/L correspondingly. Otherwise (ifσϖ/ϖ ≫ 5.5 per cent), the uncertainty
of computedL would naturally be dominated by the parallax error. Then, the
propagated uncertainty of the standardL would have been much bigger (∆L/L ≫
11.05 per cent).

The standard deviation of aBCV −Teff curve determines the limiting accuracy
of the standardL (Eker et al. 2021b). Therefore, Table 5 implies that a user can
obtain a standardL with an error as small as 12.5 per cent, 11.05 per cent, 10.2
per cent, 11.7 per cent, or 10.05 per cent correspondingly ifhe/she uses one of
the BC−Teff relations atB, V, G, GBP, or GRP photometric bands, respectively.
However, if σϖ/ϖ ≫ 6.3 per cent, 5.5 per cent, 5.1 per cent, 5.8 per cent or 5.02
per cent, in accord with the photometric bands, the standarderror of the L is bigger.
At the limit, when the uncertainty ofMV dominates over the uncertainty ofBC
and the distance errors dominate over brightness and extinction errors, it becomes
twice the relative error of the parallax according to the formulation of Ekeret al.
(2021b).
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Providing independentBC−Teff relations atB, V, G, GBP- or GRP-passbands
determined independently by the least-squares method fromthe independent obser-
vational photometric and astrometric data of DDEB, which are known to provide
the most accurate stellar astrophysical parameters, Table5 allowed us to investigate
the second way of improving the accuracy of a standardL . One does not need to
calculate the actual value of the standardL for speculating about its relative un-
certainty (∆L/L) if it comes from a singleBC−Teff relation. Similar speculations,
however, are not possible in the second way of improving. Calculation of actualL
from each of theBC−Teff relations is needed.

Then, there are many standardL values for a star representing each of the pho-
tometric bands, like many independent measurements of a quantity. However, we
prefer not to calculate many different standardL for a star and then take an aver-
age. Instead, we prefer to predict five differentMbol together with their associated
uncertainty propagated from the uncertainty ofMξ , and the uncertainty ofBCξ
(Table 5) first. Then, we combine them according to

Mbol =
1
N

N

∑
i

Mbol,i (10)

to obtain a singleMbol for a star, whereMbol,i = Mi +BCi , provided withi = B, V,
G, GBP, andGRP passbands.N is a number between 2 (ifMbol is predicted fromB,
V only) and 5 (if Mbol is predicted from all the passbands) because some systems
do not have total apparent brightness measured at certain photometric bands. At
last, the most improved standardL of a star is predicted directly from its meanMbol

value according to Eq.(9). To estimate its relative uncertainty (∆L/L), we preferred
to calculate a standard error for theMbol first and then propagate it to the standard
L . A similar approach of using an average bolometric magnitude calculated based
on several different photometric passbands to deriveL was used by Pedersenet
al. (2020) to deriveL of B dwarfs, but for apparent instead of absolute bolometric
magnitudes.

Predicted (from photometry) and calculated (fromR andTeff ) L of the sample
stars in this study are compared in Fig. 8a. A very high correlation (R2 > 0.999)
between the predicted and calculated luminosities is seen clearly. Fig. 8b compares
histogram distributions of their uncertainties. Uncertainties of the predictedL have
a sharp well-defined peak at 2 per cent with a smaller dispersion, while the un-
certainties of the calculatedL have a fussy peak at 8 per cent with a much wider
dispersion. Fig. 8 shows that a prominent improvement in predicting a standard L
of a star occurs if all the existing independentBC−Teff relations are used accord-
ing to the method introduced in this study. The improvement is remarkable and
real (not speculative) that there is a method, now, which could provide a standard
luminosity of a star more accurate than the classical methodusing observed radii
and effective temperatures according to the Stefan-Boltzmann law.
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T a b l e 7

Component bolometric magnitudes and luminosities of DDEB in B, V, G, GBP andGRP passbands

Order Name pri/sec Mbol(B) err Mbol(V) err Mbol(G) err Mbol(GBP) err Mbol(GRP) err 〈Mbol〉 Mean err log〈L/L⊙〉 ∆L
L log (L/L⊙)(SB) ∆L

L
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [%] [%]

1 V421 Peg p 2.760 0.143 2.825 0.124 2.722 0.115 2.789 0.133 2.713 0.111 2.762 0.021 0.791 1.924 0.796 5.655
2 V421 Peg s 3.312 0.143 3.383 0.124 3.284 0.115 3.349 0.133 3.271 0.111 3.320 0.021 0.568 1.919 0.577 8.146
3 DV Psc p 6.499 0.142 6.741 0.124 6.751 0.115 6.789 0.134 6.757 0.112 6.707 0.053 −0.787 4.857 −0.780 8.789
4 DV Psc s 8.051 0.142 8.115 0.124 8.317 0.115 8.160 0.134 8.369 0.112 8.202 0.061 −1.385 5.580 −1.391 7.832
5 MU Cas p −2.240 0.164 −2.208 0.148 −2.329 0.140 −2.255 0.155 −2.293 0.137 −2.265 0.021 2.802 1.943 2.875 13.768
6 MU Cas s −2.060 0.164 −2.021 0.148 −2.145 0.140 −2.070 0.155 −2.108 0.137 −2.081 0.021 2.728 1.950 2.800 13.423
7 TYC 4019-3345-1 p 1.687 0.145 1.764 0.127 1.549 0.118 1.6010.136 1.601 0.115 1.640 0.038 1.240 3.496 1.184 15.498
8 TYC 4019-3345-1 s 1.687 0.145 1.764 0.127 1.549 0.118 1.6010.136 1.601 0.115 1.640 0.038 1.240 3.496 1.184 27.114
9 YZ Cas p 0.540 0.145 0.642 0.125 0.562 0.115 0.591 0.133 0.591 0.112 0.585 0.017 1.662 1.569 1.674 5.117
10 YZ Cas s 3.382 0.145 3.533 0.125 3.469 0.115 3.505 0.133 3.466 0.112 3.471 0.025 0.508 2.340 0.553 13.983
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

409 IT Cas p 3.174 0.145 3.261 0.131 3.153 0.116 3.214 0.134 3.144 0.113 3.189 0.022 0.620 1.988 0.608 7.053
410 IT Cas s 3.220 0.145 3.307 0.131 3.200 0.116 3.261 0.134 3.191 0.113 3.236 0.022 0.602 1.988 0.590 8.500
411 BK Peg p 2.926 0.148 2.981 0.125 2.846 0.115 2.925 0.133 2.827 0.112 2.901 0.028 0.736 2.617 0.738 5.487
412 BK Peg s 3.537 0.148 3.591 0.125 3.454 0.115 3.534 0.133 3.436 0.112 3.510 0.029 0.492 2.645 0.493 2.990
413 AP And p 3.796 0.154 3.879 0.151 3.724 0.116 3.805 0.134 3.713 0.112 3.783 0.030 0.383 2.772 0.406 9.194
414 AP And s 3.911 0.154 3.996 0.151 3.843 0.116 3.923 0.134 3.831 0.112 3.901 0.030 0.336 2.750 0.360 9.280
415 AL Scl p −1.414 0.163 −1.361 0.147 −1.405 0.139 −1.368 0.154 −1.409 0.136 −1.391 0.011 2.453 1.032 2.504 10.783
416 AL Scl s 1.659 0.163 1.686 0.147 1.658 0.139 1.696 0.154 1.627 0.136 1.665 0.012 1.230 1.116 1.299 14.269
417 V821 Cas p 0.865 0.146 0.929 0.126 0.819 0.115 0.847 0.133 0.846 0.112 0.861 0.018 1.552 1.694 1.574 17.193
418 V821 Cas s 2.365 0.146 2.440 0.126 2.332 0.115 2.365 0.133 2.350 0.112 2.371 0.018 0.948 1.688 0.979 18.872

Full versions of Tables 3 and 4 are available form theActa Astronomica Archive(see cover page)
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Fig. 8. a) Comparing predicted (from photometry) and calculated (fromR andTeff ) L of the sample
stars. b) Histogram distribution of the uncertainties associated with predicted (dark)L is compared
to the histogram distribution of the uncertainties associated with calculated (gray)L .

We summarize the data produced by the method used in this study in Table 7.
The columns are self-explanatory to show order, system name, the component (pri-
mary or secondary) in the first three columns. Then next ten columns are reserved
for the predictedMbol values from its definition (Mbol = Mξ +BCξ ) and associated
propagated errors atB, V, G, GBP, andGRP passbands. Then, the combined (mean)
Mbol and its standard error are provided in columns 14 and 15. The logarithm of the
predictedL in solar units and its relative uncertainty are listed in columns 16 and
17. The last two columns are for the calculatedL in solar units and their relative
uncertainty. Fig. 8 is produced from the last four columns ofTable 7. Therefore,
the last four columns are ideal for a reader who is interestedin comparing actual
numerical values of the predicted and computedL and to see how small the relative
errors of the predictedL are compared to the errors of the computedL .

6. Discussions

6.1. The Sun and a Solar Twin for Testing

In a first thought, one may think the Sun is not a good candidatefor testing how
good its luminosity would be predicted according to the method described in this
study because it is the reference star that IAU 2015 GAR B2 used to determine the
zero point constant of the bolometric magnitude scaleCbol = 71.197 425. . . mag
from L = 3.8275(±0.0014)×1026 W and Mbol,⊙

∼= 4.739 996. . . mag. TheBC
values (−0.600, 0.069, 0.106,−0.134, 0.567 respectively atB, V, G, GBP and
GRP) given in Table 5, which are marked with⊙ symbol, should not be understood
as theBC of the Sun. They are the predictedBC values for a typical main-sequence
star havingTeff = 5772 K. Consequently, absolute and apparent magnitudes given
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in Table 5 just below thoseBC values are typical absolute and apparent magnitudes
if this star is replaced as the Sun. Now the question: is it possible to estimate the
luminosity of the Sun just from its effective temperature (Teff,⊙ = 5772 K) using the
BC given in Table 5? To proceed toward this aim, one needs apparent magnitudes
and distance as in the other stars used in this study.

While apparent magnitudes in the Gaia passbands for the Sun could be calcu-
lated using a measured/calculated solar composite spectrum (Willmer 2018), one
for sure cannot find measured Gaia apparent magnitudes. However, it is pos-
sible to find a measuredV⊙ = −26.76± 0.03 mag value (Torres 2010). Same
and slightly different (in the second digit after the decimal) values seem to be
preferred by various authors (see the references in Torres 2010, and Ekeret al.
2021b). Astronomers handbook “Allen’s Astrophysical Quantities” (Cox 2000)
gives it 0.01 mag dimmer, where apparent and absolute magnitudes of the Sun in
U, B, V, R, I, andK-bands could be found. Taking(B−V)⊙ = 0.65 mag, one can
start fromV⊙ = −26.76 mag andB⊙ = −26.11 mag and continue predicting the
solar luminosity together with its uncertainty by applyingthe method described in
this study. Here, we assumeB andV apparent magnitudes of the Sun have the same
uncertainty (±0.03 mag).

No interstellar extinction for the Sun and because its distance is also known
with a great precision compared to other stars, only the observational uncertainty
∆V ≈∆B≈ 0.03 mag propagates to the solar absolute magnitudes:MV,⊙ = 4.812±
0.03 mag, andMB,⊙ = 5.462± 0.03 mag. Using theBC and rms values (Ta-
ble 5) for a typical main-sequence star withTeff = 5772 K, the predicted bolometric
magnitudes of the Sun would beMbol,⊙(1) = 4.881±0.136 mag andMbol,⊙(2) =
4.862±0.12 mag, respectively from itsV andB magnitudes. After combining them
by taking a simple averageMbol,⊙ = 4.872 mag. The differences from the mean
indicate an±0.095 mag uncertainty. At last, using Eq.(9), the predicted solar lu-
minosity isLP(⊙) = 3.39×1026 W, and the relative uncertainty is∆L/L ≈ 8.7 per
cent.

Comparing this value to the nominal Solar luminosityL = 3.838×1026 W, one
can see how successful the method is. A luminosity, which is about 11.7 per cent
smaller than actual L⊙ , is predicted. A single channel prediction fromMbol,⊙(1)
or Mbol,⊙(2) , would have given us a prediction with a relative error of 12.5 per cent
or 11.05 per cent respectively. All predictedL values agree to the readL within
the error limits estimated.

6.2. A Solar Twin for a Test

The primary of HP Aur system with a massM = 0.9543±0.0041 M⊙ , a ra-
dius R= 1.0278±0.0042 R⊙ , and an effective temperatureTeff = 5810±120 K
(Lacy et al. 2014) could be considered as a solar twin. According to the Stefan-
Boltzmann law, its luminosity isL = 1.084 L⊙ = 4.162× 1026 W. Propagation
of the observational uncertainties shows its relative error (∆L/L) would be about
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8.302 per cent. Now the question is: Using the method of this study, how accurately
would its luminosity be predicted?

Its apparent brightnesses areV = 11.489±0.07, G = 11.283±0.003, GBP =
11.628± 0.004, GRP = 10.761± 0.004 mag. According to simplified SED, the
primary contributes 75.7 per cent of the total light radiated by the system inV,
75 per cent inG, 76.5 per cent inGBP and 72.9 percent inGRP. The simplified
SED also impliesAV = 0.335 mag,AG = 0.298 mag,AGBP = 0.366 mag, and
AGRP = 0.207 mag as the interstellar dimming. Parallax of the system is 5.2432±
0.0306 mas. Consequently, its absolute magnitudes areMV = 4.753± 0.033,
MG = 4.583± 0.033, MGBP = 4.860± 0.042, andMGRP = 4.152± 0.024 mag.
Table 5 givesBCV = 0.072±0.12, BCG = 0.106±0.11, BCGBP = −0.129±0.13,
and BCGRP = 0.562±0.11 mag. Here, we notice that the errors inBC values are
bigger than errors in filter based absolute magnitudes. Thus, they could be ignored.
That is,BC errors would be the dominant factor when calculating the uncertainty
of its bolometric absolute magnitudes. This means if singlepassband used in pre-
dicting its L , the relative error of itsL (∆L/L) will not be smaller than 10 per
cent.

According to Eq.(3), theMbol are calculated as 4.824 mag, 4.688 mag, 4.73 mag,
and 4.713 mag, respectively at four photometric bands. At last, one obtains a
mean Mbol = 4.739± 0.03 mag for the solar twin, where its uncertainty is as-
sumed to be the standard error by definition. After computingits L using Eq.(9),
L = 3.831×1026 W is found. At last its uncertainty±0.03 translates to∆L/L≈ 2.5
per cent.

Predicted and calculatedL for the primary of HP Aur agree to each other within
the error limits. The calculated luminosity fromR and Teff using the Stefan–
Boltzmann law seems to be overestimated. The predicted standard L = 3.831×
1026 W appears more reliable because of its predicted uncertainty. At last, it can
be concluded that the method of computing standard L of starsusing multiband
photometry andBC−Teff relations involving SED is very successful in predict-
ing luminosities much more accurately than the direct method using observedR
and Teff . Using four BC−Teff curves ended up predicting a standardL at least
four times more accurately than in the case if one uses only one of theBC−Teff

relations existing.

6.3. Standard or Non-Standard

What makesBCs (andBCV−Teff relation) of this study standard? What makes
BCs of Cassagrande and VandenBerg (2018), Cox (2020), Andraeet al.(2018), and
Mamajek’s personal onlineBC Table accessible on the internet∗ non-standard?

In the first look, IAU 2015 GAR B2 was issued only for solving the long-
lasting problem of arbitrariness attributed to the zero point of bolometric magni-
tudes. However, the arbitrariness of the bolometric magnitude scale is not inde-

∗www.pas.rochester.edu/∼emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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pendent of the arbitrariness of theBC scale according to Eq.(3). Articles such as
Cassagrande and VandenBerg (2018), Andraeet al. (2018), which are still defend-
ing the arbitrariness of theBC scale, cause confusion.

Eker et al. (2021a) have shown that fixing the zero point of the bolometric
magnitude scale also fixes the zero point of the bolometric correction scale. To
avoidBC determinations with different zero points, Ekeret al.(2021a) have defined
the concept of standardBC. The standardBC is not only for theV-band, the
definition covers all bands of all photometric systems. Ekeret al.(2021b) explained
how to recognize non-standardBC values.

Briefly, using Eq.(9) with a definiteCbol makes the computedMbol unique.
Since stellar absolute magnitudes at well-defined passbands of various photometric
systems are also unique (absolute magnitude of a star cannothave two or more
values for a specified band), the product of Eq.(3) was definedas the standardBC
because subtracting a unique number from another unique number is also unique.

The nominal value ofCbol = 71.197 425. . . corresponds to the nominal values
of Mbol,⊙ = 4.74 mag (a rounded value, the true value is 4.739 996 . . . ) and L⊙ =
3.828x1026 W, thusCbol = Mbol,⊙+2.5logL⊙ (see IAU 2015 GAR B2, Ekeret al.
(2021ab). Consequently, using a differentCbol than the nominalCbol in Eq.(9) or
using a non-nominal value ofMbol,⊙ or L⊙ in the following equation:

Mbol = Mbol,⊙−2.5log
L

L⊙
(11)

is sufficient to make a computedBC non-standard. Moreover, aBC is also not
standard if it is computed through Eq.(1) with an arbitraryC2 ,

Cassagrande and VandenBerg (2018) usedMbol,⊙ = 4.75 mag for the absolute
bolometric magnitude for the Sun rather than the nominal valueMbol,⊙ = 4.74 mag
suggested by (IAU 2015 GAR B2). On the other hand, theBCs of Cox (2000) are
also not standard because the nominalMbol,⊙ = 4.74 mag was used together with
a non-nominalL⊙ = 3.845× 1026 W corresponding to a non-nominalCbol (see
Eker et al. 2021b). Despite using the nominal valuesMbol,⊙ or Lbol,⊙ , the BC
values of Andraeet al. (2018) are also not standard. This is because Andraeet al.
(2018) preferred to use Eq.(1) with an assumed arbitraryC2 when computingBC
values for the Gaia photometric passbands. A slightly different case seems to have
occurred on theBC tables given by Cox (2000), who took the arbitrariness ofC2

granted. Consequently, to be consistent with the paradigm,“bolometric corrections
must be negative” (see page 381 of Cox 2000), the zero point ofthe BC scale was
set to make allBCs negative. This is the second reason whyBC values of Cox
(2000) are not standard.

Ekeret al.(2021a) have shown that the zero point constant in Eq.(1) hasdiffer-
ent values at different filters such:C2 = Cbol−Cξ , whereCξ is the zero point for
a passband, thusC2 is also not arbitrary but has a definite value. AlthoughC2 ap-
pears like an integration constant in Eq.(1), actually it isnot an integration constant
or algebraic sum of integration constants required by integrals appearing in Eq.(1).
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It is well known that definite integrals do not take constants. Therefore,C2 must
be a constant imposed by the absolute photometry, such as

Mξ = −2.5logLξ +Cξ. (12)

Subtracting this from Eq.(9), which is imposed by Eq.(3), gives Eq.(1), where the
definite integrals are for producing the surface fluxes of thestar for the bolometric:
fbol =

R ∞
0 fλ dλ and for a photometric bandfξ =

R ∞
0 Sλ(ξ) fλ dλ . The definite inte-

grals do not take constants, but the absolute photometry (Eqs. 9 and 12) requires
C2 = Cbol−Cξ .

Since the value ofCbol was unknown before IAU 2015 GAR B2, and no tele-
scope or a detector exists to observeMbol , it was natural to assume bothCbol and
C2 arbitrary. Therefore, authors such as Cox (2000), and Pecaut and Mamajek
(2013) have excuse to assume theBC scale is arbitrary and then impose a personal
condition to set up a private absolute scale. Cox (2000) tookBCV = 0 for F2 su-
pergiants and Mamajek (2021) usesBCV = −0.085 mag for a G2 main-sequence
star in his onlineBC table to set up a private zero point for theBC scale.

Similarly, Andraeet al. (2018) also set his absolute scale by takingBCV,⊙ =
−0.07 mag and stating “bolometric correction needs a referencepoint to set the
absolute scale”. Setting up a private absolute scale forBC as done by Mamajek
(2021) and Andraeet al. (2018) is not acceptable anymore since 2015. Despite
IAU 2015 GAR B2, such private absolute scales do not mean recognizing the abso-
lute BC scale set by IAU 2015 GAR B2, or IAU 2015 GAR B2 is not understood
properly. Therefore, anyBC value which is according to a privateBC scale as im-
plied by Cassagrande and VandenBerg (2018), Cox (2000), Andraeet al. (2018),
Mamajek (2021) is not standard.

6.4. Color–Temperature and Temperature–Color Relations

It is a great advantage to have already calibratedBC−Teff relations at various
bands of a photometric system. This way, intrinsic colorvs.temperature relations
could automatically be set. Flower (1996) and Ekeret al. (2020) had to com-
pute first observed (B−V ) colors of the components from the light ratio (l2/l1)
of components if they were available from light curve solutions in bothB- and
V-bands. Then, intrinsic(B−V)0 colors are obtained using the reddening law
AV/E(B−V) = RV and definition ofE(B−V) = (B−V)− (B−V)0 . Finally,
after obtaining(B−V)0 of components,(B−V)−Teff relation is calibrated using
published component effective temperatures.

In this study, the intrinsic colors of the component stars (data) are computed
directly as the difference between the absolute magnitudesin Table 3. The com-
puted intrinsic colors are then plotted in Fig. 9 where solidlines represent color–
temperature relations as(GBP−GRP)0−Teff , (G−GRP)0−Teff , (G−GBP)0−Teff ,
(V −G)0−Teff , and (B−V)0−Teff , respectively from top to bottom. At last, the
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five color vs. effective temperature relations are directly computable as the dif-
ference ofBC−Teff relations. For example:(B−V)0−Teff relation is obtained
as BCV(Teff)−BCB(Teff) from the functions presented in Table 5. Similarly, for
the other colors:BCG(Teff)−BCV(Teff) , BCGBP(Teff)−BCG(Teff) , BCGRP(Teff)−
BCG(Teff) , BCGRP(Teff)−BCGBP(Teff) give (V −G)0 vs. Teff , (G−GBP)0 vs. Teff ,
(G−GRP)0 vs. Teff , (GBP−GRP)0 vs. Teff relations, respectively.

As can be seen the solid lines (color–temperature relations) follow the trend
of the data quite nicely. Especially, the upper two panels inFig. 9, (GBP−GRP)0

and (G−GRP)0 are represented very nicely by the solid lines while the middle
panel, (G−GBP)0 , could only be considered successful for the medium hot and
cooler stars ( logTeff < 4.2 ). Nevertheless, a small but a clear offset between the
solid lines and data is obvious in the lowest two panels,(V −G)0 and(B−V)0 , in
Fig. 9. It has been already discussed in Section 4 thatB andV data are less reliable
compared the Gaia data. Moreover, if the number of data toward the cooler and
hotter ends in Figs. 4 and 5 are compared, the Gaia bands appear relatively more
crowded. Being less reliable and having lower number of datacompared to Gaia
bands toward both ends of the temperature scale, theBC−Teff relations of theB-
andV-bands appear to be the most probable cause of the offset seenin the lowest
two panels of Fig. 9. This is because the solid lines are just the differences of the
BC−Teff relations and the bias caused by the less number of data appears not only
effecting both ends but also changing the mean value of theBC values. Thus, the
solid lines appear to be noticeably shifted causing the offset seen especially forB-
andV-bands.

Therefore, only the solid lines in the upper two panels,(GBP−GRP)0 and(G−
GRP)0 , are found suitable to represent color–temperature relations which are to be
included in Table 6 where they are presented together with the BC values produced
from the polynomials in Table 5 as a function of spectral types and typical effective
temperatures for main-sequence stars having metallicity 0.008< Z < 0.040. On
the other hand, it is more practical for a user to have an effective temperaturevs.
color relation in order to estimate the effective temperature of a main-sequence star
from an intrinsic color. For this, we have calibrated inverse relations only forB−V
for Johnson photometry andGBP−GRP for Gaia photometry.

Effective temperatures of the DDEB sample of this study are plotted as a func-
tion of (B−V)0 and (GBP−GRP)0 in Fig. 10. Data points are the same as the
lowest and uppermost panels in Fig. 9, but the vertical and horizontal axis are in-
terchanged and re-organized. The solid lines in Fig. 10 are the temperature–color
relations which are re-predicted from intrinsic colors of DDEB marked in Fig. 10
unlike the color–temperature relations shown in Fig. 9 which are obtained from
the differences ofBC−Teff relations. The temperature–color relations as polyno-
mials are given in Table 8. Fourth-degree polynomials are found best to explain
(B−V) and (GBP−GRP) intrinsic colors of the main-sequence stars chosen from
components of the DDEB sample of this study. Coefficients anderrors associated
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are determined by the least-squares method and listed in Table 8 together with the
ranges of their validity expressed in intrinsic colors as−0.5≤ (B−V)0 ≤ 1.5 and
−0.6≤ (GBP−GRP)0 ≤ 1.7.

T a b l e 8

Parameters of temperaturevs.intrinsic color relations

logTeff = a+b× (B−V)0 +c× (B−V)2
0 +d× (B−V)3

0 +e× (B−V)4
0

a b c d e

4.05136 −0.902404 1.03912 −0.686631 0.144272
±0.005228 ±0.01865 ±0.06344 ±0.1399 ±0.07865

rms= 0.05091
valid in the range−0.5≤ (B−V)0 ≤ 1.5 mag

logTeff = a+b× (GBP−GRP)0 +c× (GBP−GRP)
2
0 +d× (GBP−GRP)

3
0 +e× (GBP−GRP)

4
0

a b c d e

4.04695 −0.595137 0.42341 −0.199622 0.0351755
±0.004102±0.007874 ±0.0211 ±0.0211 ±0.005871

rms= 0.0396
valid in the range−0.6≤ (GBP−GRP)0 ≤ 1.7 mag

Except for the four stars (components of V881 Per and 2MASS J19071662+
463932), which are marked with their order number in Fig. 10a, the intrinsic(B−
V) colors are well represented by the predictedTeff vs.color relation (solid line).
TheTeff−color relation by Ekeret al.(2020), marked as dotted curve, and Mamajek
(2021), marked as a dashed curves, are also plotted on the same figure just for
comparison. It is clear in Fig. 10a that the solid line (this study) is more successful
in representing data than the dotted and the dashed curves. Although both the dotted
and the dashed curves are drawn to represent intrinsic(B−V) colors up to 2.00,
the reddest stars ((B−V)0 > 0.80) are also not well represented by the dotted and
dashed curves.

Unfortunately, there are no other full-range intrinsic(GBP−GRP) colors pub-
lished for comparing temperature–color relation predicted in this study. The main-
sequence(GBP−GRP) intrinsic colors of Mamajek (2021) cover a range of temper-
atures 2350≤ Teff ≤ 10700 K, spectral types B9.5V to M9.5V and(GBP−GRP)
from −1.2 to 4.86. The full range of(GBP−GRP) data is represented better by the
Teff−color relation of this study. The dashed curve (Mamajek 2021) does not reach
the hottest stars. Agreement between solid and dashed curves the middle tempera-
tures are clear. The coolest stars are again better represented byTeff−colorrelation
of this study than the dashed curve of (Mamajek 2021).

Intrinsic colors as a function of spectral types and effective temperatures com-
puted according to the twoTeff –color relations shown in Fig. 10 and listed in Ta-
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ble 8 are also included in Table 6 . Now, it is important to notice that Table 6 has
four columns with three intrinsic colors, first two,(G−GRP)0 and (GBP−GRP)0 ,
of them (columns 8 and 9) are produced by subtracting the proper BC columns
in the same table as described before, that is directly from the BC−Teff relations
listed in Table 5 and the last two ((GBP−GRP)0 and (B−V)0) of them (columns
10 and 11) are produced from theTeff−color relations listed in Table 8, which are
produced directly from the intrinsic colors of DDEB stars.

Having the same intrinsic color,(GBP−GRP)0 , produced by the two different
methods described above is good for fine testing of the new method on producing
intrinsic colors since in the first approximation the three intrinsic colors,(B−V)0 ,
(V −G)0 , and(G−GBP)0 , produced by the new method were already eliminated
by eye inspections in Fig. 9. Eliminations of these intrinsic colors indicate that
BC−Teff relation in Table 5 are not sufficiently accurate enough to produce intrin-
sic colors while they are shown reliable for estimating (if one of them is used) a
standardL and improving its accuracy (if multiples of them are used) asdemon-
strated in Fig. 8.

The mean difference between the two columns in Table 6 givingthe same in-
trinsic color,(GBP−GRP)0 , produced by the different methods (columns 9 and 10)
could be used as a parameter to indicate reliability of the new method with respect
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to the classical method. The existing numbers in Table 6 indicate a 0.06 mag differ-
ence for this study. Minimizing this value in a future study would definitely indicate
a noticeable improvement of the new method for producing reliable intrinsic col-
ors from BC−Teff relations. Not only the intrinsic colors, but also the predicted
standardL would be improved becauseBC−Teff relations themselves would also
be improved automatically. An ideal case is that both methods are producing the
same numbers, that is the mean difference between the two columns producing the
same color should be zero or negligible. For that we encourage future researchers
not only to increase the number of filters, photometric systems and the number of
DDEB stars to be used (especially toward both ends of the temperature scale) in
their study but also to find a method for homogenizing the systemic brightness’ or
set up an observing program to obtain consistent total brightness of systems for
inconsistent bands to improve their consistency – like Gaiabands.

6.5. Reddening Law and Color–Color Relations

It is possible to check the best value of the passband-based parameterR(ξ) by
modeling theA(ξ)−E(B−V) relation, which is given as:

Rξ =
A(ξ)

E(B−V)
, (13)

E(B−V) = A(B)−A(V). (14)

Using passband basedA(ξ) values from Table 3 and using Eq.(14), color ex-
cessvs. interstellar dimming relations for Johnson and Gaia passbands have been
constructed and shown in Figs. 11 and 12 together with standard deviation (rms)
from the correlation equations on each plot. The correlation is actually in the form
f (x) = a+ bx, wherea is the constant term andb is R(ξ) . In all correlations,
the constant term is zero under Eq.(13). The most commonly used parameter,
R(V) is found to be 3.012± 0.002, which is slightly smaller than the common
average value for the solar neighborhood in the Milky Way (R(V) = 3.1). For the
Johnson-B filter, this relation is predicted asR(B) = 4.012±0.002 and for the Gaia
passbands, they are found asR(G) = 2.872±0.013,R(GBP) = 3.494±0.009 and
R(GRP) = 1.885±0.001. It is worth noting that the errors of the parameters (R(ξ))
are found to be relatively small (< 0.1 per cent forA(V) andA(B)−E(B−V) rela-
tions,< 0.7 per cent forA(G) , A(GBP) andA(GRP)−E(B−V) relations). The ac-
curacy of the correlation parameter is relatively better for the interstellar dimming
in Gaia passbands versus Gaia color excess except forA(GRP)−E(GBP−GRP)
which is≈ 0.8 per cent.

Other useful relations used in photometry are the color–color diagrams and
color excess relations between colors based on certain photometric systems. Color
excess relations between different colors may show the direction of interstellar ex-
tinction on the diagram. Having this information on the color–color diagrams per-
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mits users to define unreddened colors of stars by tracing back the extinction di-
rection up to the intersecting point on the line of unreddened main-sequence stars.

Fig. 13 shows color–color and color excessvs.color excess diagrams for the
nearby main-sequence stars as predicted from the DDEB sample of this study for
various Gaia passbands. Fig. 13a compares(G−GBP)−(GBP−GRP) relation of
this study to the one given by Arenouet al.(2018). A very good agreement between
them is very clear. Nevertheless, the color–color curves for Gaia passbands of
main-sequence stars are almost parallel to the direction ofinterstellar reddening
which creates difficulties in the determination of unreddened colors by going back
along the reddening direction. Among the color–color relations in Fig. 13,(G−
GRP)−(GBP−G) (panel c) seem to be more suitable for searching intrinsic colors
toward cooler stars since the reddest part is un-parallel tothe reddening direction.

The ratio of color excess ofE(G−GBP) /E(GBP−GRP) , E(G−GRP) /E(GBP−
GRP) and E(G−GBP) /E(GBP−GRP) in panels d, e and f of Fig. 13 gives the di-
rection of extinction in the color–color diagrams shown in panels a, b and c, re-
spectively. The solid lines shown with red color are the bestfits to all data while



Vol. 72 229

-2.00

-1.50

-1.00

-0.50

0.00

0.50

rms=0.0311

Extinction

a

G
-G

B
p

DDEBs
This study

Arenou et al. (2018)

-0.50

-0.25

0.00

0.25

-0.6 -0.3  0  0.3  0.6  0.9  1.2  1.5  1.8  2.1  2.4  2.7

�

 (
G

-G
B

p
)

GBp-GRp

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

 0

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

E(G-GBp)/E(GBp-GRp)=-0.417(+/-0.005)

rms=0.0385

d

E
(G

-G
B

p
)

E(GBp-GRp)

-0.50

0.00

0.50

1.00

1.50

rms=0.0311
Extinction

b

G
-G

R
p

-0.50

-0.25

0.00

0.25

-0.6 -0.3  0  0.3  0.6  0.9  1.2  1.5  1.8  2.1  2.4  2.7

�

 (
G

-G
R

p
)

GBp-GRp

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

rms=0.0384

E(G-GRp)/E(GBp-GRp)=0.583(+/-0.005)

e

E
(G

-G
R

p
)

E(GBp-GRp)

-0.50

0.00

0.50

1.00

1.50

2.00

rms=0.0626

Extinction

c

G
B

p
-G

-0.50

-0.25

0.00

0.25

-0.4 -0.2  0  0.2  0.4  0.6  0.8  1  1.2

�

 (
G

B
p
-G

)

G-GRp

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0  0.2  0.4  0.6  0.8  1  1.2

rms=0.0651

E(GBp-G)/E(G-GRp)=0.668(+/-0.014)

f

E
(G

B
p
-G

)

E(G-GRp)

Fig. 13. Color–color (left panels) and color excessvs.color excess relations (right panels) in Gaia-
bands for nearby main-sequence stars. Equations andrmsvalues in the right panel refer to the solid
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the dashed lines represent the borders of the data. These borders refer to the limits.
Since a unique reddening direction in a color–color diagramfor all stars in our sam-
ple is not expected, it is normal to see a certain interval of the reddening direction
values in different Gaia EDR3 passbands. The slope of the solid lines refers to the
average value for the relevant color excess ratio defining the direction of reddening
in color–color diagrams. The slope of the dashed lines changes between−0.31
and−0.68, 0.44 and 2.2, and 0.31 and 0.69 forE(G−GBP)/E(GBP−GRP) (panel
d), E(G−GRP) /E(GBP−GRP) (panel e) andE(G−GBP) /E(GBP−GRP) (panel
f) ratios, respectively. Therefore, the reddening direction shown by an arrow in the
left panels is not unique. Direction of the arrow may change for different galactic
directions.
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7. Conclusions

• A simplified SED model is established for predicting component light con-
tributions of binaries and their interstellar extinctions.

• The component light contributions predicted by the simplified SED model in
B- andV-bands of Johnson photometry are tested by comparing to theB- and
V-band light contributions predicted from the light curve solutions of DDEB.
The simplified SED model is found very successful and reliable in predicting
component light contributions according to test in this study.

• 209 DDEB are found eligible to provide a binary SED model without com-
plexities (third light or any excess flux) which may spoil theSED of the
binary. Then, using component contributions, which are produced from the
simplified SED model, empirical standardBCs are produced by a method
described by Ekeret al. (2020).

• The empirical standardBC values are used in calibrating empirical standard
BC−Teff relations inB, V, G, GBP- and GRP-bands. The most accurate
BC−Teff relation ever discussed is produced and presented.

• Empirical standardBC−Teff relations of five passbands are used for predict-
ing standard stellarL . They are compared to theL calculated from the ob-
servedR andTeff . If a standardL is predicted from a singleBC−Teff relation
of a given band, propagated errors indicate that it cannot bemore accurate
than about 10 cent. Accuracy of the predictedL increases by increasing the
number ofBC−Teff relations at various passbands. A standardL with an
uncertainty as low as one per cent (peak at≈ 2.5 per cent), is possible.

• Multiband BC−Teff relations are shown to be practical to obtain intrinsic
color–temperature relations. Intrinsic colorvs. temperature relations could
be produced directly from differences ofBC−Teff relations.

• Inverse color–temperature relations involving(B−V)0 and (GBP−GRP)0

are produced, useful if one wants to calculate effective temperature of a main-
sequence star from its(B−V)0 and(GBP−GRP)0 .

• Reddening laws, color–color and color excessvs.color excess relations in-
volving JohnsonB, V and Gaia passbands covering all spectral classes of the
main-sequence from the DDEB sample of this study are presented.
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