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ABSTRACT

Standard luminosityl() of 406 main-sequence stars with the most accurate astsaathparam-
eters are calculated from their absolute magnitudes armhimitic corrections at Johns@V, and
Gaia EDR3G, Ggp, Grp filters. Required multiban®C and BC — T relations are obtained first
from the parameters of 209 Double-lined Detached EclipBimgries with main-sequence compo-
nents and Gaia EDR3 parallaxes. A simplified SED is formdl&egive filter dependent component
light contributions and interstellar dimming, which aresestial in computingBC of a component,
virtually at any filter. The mean standatdof a star is calculated from the medm,o which is a
mathematical average of independ®fyy values predicted at different filters, while the uncertaint
of L is the uncertainty propagated from the uncertainty of thamidy . The mean standard of
the sample stars are compared to the corresporidiveues according to the Stefan-Boltzmann law.
A very high correlation R2 > 0.999) is found. Comparing histogram distributions of errsiisws
that uncertainties associated with the mean standdpbak at~ 2.5 per cent) are much smaller than
the uncertainties oL (peak at~ 8 per cent) by the Stefan-Boltzmann law. Increasing the rarmb
of filters used in predicting the meavi,, increases the accuracy of the standard stellar luminosity.
Extinction law, color—color relations and color excesscolor 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 by a photometric ob-
servation is named bolometric correctidd() if it is expressed in magnitude units.
As if fixing a defect or restoring the missing part, adding thiaction BC) to the
apparentY) or absolute i, ) magnitudes of a star, which are known to be naturally
limited in a certain wavelength range, one obtains the agtdm,o ) or absolute
(Mpo1) bolometric magnitudes representing the tdtabf the star. AlthoughBC
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is useful, ingeniously invented, and the ready-to-use tityao obtain those quan-
tities from an apparent magnitude)(and a parallax, major difficulty confronted
by the earlier astronomers (Kuiper 1938, Mc Donald and Umidet952, Pop-
per 1959, Wildey 1963, Smak 1966, Johnson 1966, WeidemathriBaas 1967,
Heintze 1973) is that a pre-requir@C must be determined first from observations
but there is neither a telescope nor a detector to measurb@émic magnitude
while L is already known to be un-observable.

Therefore, a relation between an apparent magnitadg V) and observable
part of the luminosity €.g, Ly ) recognized in all of the photometric passbands
with pre-established filter transmissions operated in gga\system of magnitudes,
where Vega is a common reference, cannot be establishe@d®tavbolometric
magnitude and. using direct observations.

This difficulty, however, was overcome by assuming arhbjtero points for
both the bolometric magnitudes aBiC scale. The arbitrariness attributedB&
and bolometric magnitude scales caused then publicatibnsaoy differentBC
tables, some containing all negative (Kuiper 1938, PoppB81Wildey 1963, Cox
2000, Pecaut and Mamajek 2018 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, Eker
al. 2020). Incorrect usage of tabulat&€ values was discussed by Torres (2010).
The biggest of the problems, however, is that a star couldbed to have several
BCs from several tables, implying that several differ&hy, representing a single
L.

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

Accuracy of the classical methods of computing a stellarimasity (1 — a
direct method from radiiR) and effective temperatureSg;), 2 — a method using
a mass—luminosity relatioMLR), 3 —a method requiring a bolometric correction)
was later studied by Ekest al. (2021b), who introduced the concept of standard
stellarL. If L of a staris calculated from one of its absolute magnitutigs (vhere
¢ indicates a filter in a photometric system) and correspandtandardBC, it is
called standard. while L according to the Stefan-Boltzmann law is standard by
definition.

The methods (2) and (3) are indirect because a pre-detalivh® is required
for method (2) and a pre-determinB€ — T relation is necessary for method (3).
In the absence of these pre-determined relations, bothoaperable.

Ekeret al.(2021b) claimed the indirect methods are less accuratetitieatirect
method providing a stellak with a typical accuracy of 8.2—-12.2 per cent, which
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could be as high as a few per ceai, primary of V505 Per hak = 2.688 L, and
its uncertainty AL /L) is 2.53 per cent implied by very small relative uncertasti
of its radiusAR/R = 1.09 per cent and effective temperatli&sy/Tess = 0.32 per
cent (Tomasellat al. 2008). Only if a uniqueBC directly determined from an
observed SED with very high spectral resolution is used énttlird method, then
the relative uncertainty of predictedcould be improved up to a level of about one
per cent. Otherwise, using a stand&@ predicted from the standaf®C — Tt
relation, method (3) cannot provide an accuracy better theauirect method.
However, using a uniquBC in method (3) is just a speculation, that is, it is
impractical nowadays as expressed by Eieal. (2021b). Therefore, the primary
aim of this study is not to speculate, but to investigate hmunprove the standard
stellar luminosities obtained by the third method usindisda multiband standard
BC—Tes relations. To achieve this aim, a new method is introduce@$timating
relative light contributions of binary components from mplified SED, operable
virtually at any photometric passband. Then, the classiegthod of Ekeret al.
(2020), which requires an apparent magnitude of a binatgsyghe light ratio of
components, a reliable parallax and an interstellar etitincis used for predict-
ing the multibandBC— T relations for the Gaia, Ggp and Grp, and Johnson
B, V passbands. Data and input parameters are described inrS2ctiThe new
method is explained in Section 3. Calibrations of multiba8@ T relations
are described in Section 4. How to improve standardf a star is discussed in
Section 5. Discussions are found in Section 6. ConclusiomieSection 7.

2. Data

Having essentially the same purpose, to obtain the mostbteliempiricalBC
from the most reliable stellar parameters and then to cakbthe most reliable
BC—Tess relations, this study and Eket al. (2020) rely upon the same original
data set of Double-Lined Detached Eclipsing Binaries (DIpg#&blished by Eker
et al. (2018). 509 main-sequence stars in the solar neighborhbtite dGalactic
disk — the components of DDEBs — with most reliable massés dnd radii R)
accurate within 15 per cent and with published effectivepgeratures e ) having
metallicities 0008 < Z < 0.040 were originally used by Ekeat al. (2018) for
calibrating interrelated mass—luminosity (MLR), massia (MRR) and mases.
effective temperature (MTR) relations. Later, Ek¢al. (2020) combined this data
set with the data set of Graczh al. (2019), who studied the global zero-point
shift between the photometric fluxes of 81 detached eclipbinaries and Gaia
DR2 trigonometric parallaxes (Gaia Collaboratetral. 2018) in order to increase
the number of available systems with component light ratio§ohnsorB- and
V-bands, essential for computing the apparent magnitudeofgponent from the
total brightness of a system — a step required before congpB( of a component.
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This combined data set of Eket al. (2020) contained 290 DDEB having at
least one component on the main sequence. Aiming to cadilaratain-sequence
BC, — T relation, Ekeret al. (2020) could find only 400 main-sequence stars (194
binaries, 8 primaries, and 4 secondaries, that is, 206 mg$trom the available
580 component stars (290 DDEB). 290 minus 206, that is, 8tesyswere lost
because of a missing systemic apparent brightndgg),(or a missing light ratio
(I2/11) in theV-band, or a missing parallax, or a missing interstellar dingniAy ).

If any one of those parameters is missing for a sys®@of its components cannot
be calculated, that is, this system is not eligible for clattng BC. A percentage of
a third lightis also needed if it is detected in the light auof a system. 206 DDEB
has 412 components. After subtracting the non-main-sexusars, the number of
stars with a computeBG, reduced to 400, from which a main-sequeB&& — T
relation is calibrated by Ekest al. (2020).

The original data set containing 290 systems investigageeleret al. (2020)
is considered for this study for two purposes: First of ah,wanted to test whether
or not the new method used in this study provides reliablepmrant light con-
tributions. For this, 206 systems withandB-passband light ratios published by
Ekeret al. (2020) are ideal for testing by comparing to the light rafmsnd in this
study. Nevertheless, the new method also has its own limitstto be discussed
in the next section. That is, 206 systems will naturally luceed further. To com-
pensate for such a further loss and to be able to use its appifg to the systems
even without standard 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-aecpl stars are
found as the components of 209 DDEB (197 system, 9 primanié8 aecondaries)
eligible to calculate theiBC values and then to continue calibratiBE&—Tess re-
lations for the Gaia photometric passbar@s Ggp and Grp. Among this sub-
sample 312 main-sequence stars (152 binaries, 5 primarie8 aecondaries) are
found as a sub sub-sample containing stars common betwe@ndbent study and
Ekeret al. (2020), which are sufficient for testing and verifying théidigy of the
component contributions predicted by the new method inuglSED.

The basic physical parameters of the components and tagditbess inB,

V and Gaia passbands of DDEBs used in this study are listedbie Ta Order,
name of the system, the component (primary or secondarylséee in the first
three columns. Note that the primaries and the seconddeesified as non-main-
sequence stars are indicated by p* or s*. From the fourth verdd columns,
masses and radii with their errors are given. In columns 9ldhdemperatures
and errors are given. References for physical parameterkséed in columns 8
and 11. The total brightness of the systemBdirandV-bands with their errors are
provided in columns 12-15 with their references in the 1&tlurmn. In the rest
of the columns (17-22), the total brightness of the systentke Gaia passbands
which are available in the Gaia EDR3 are given.



Physical parameters and total magnitudes of selectedsysteB, V, G, Ggp and Grp

Tablel

Order Name pri/sec M err R err Reference T err Reference B err \Y err Reference G err Gpp err Grp err
[Mo] [Mo] [Re] [Ro] Kl [K] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
1 V421Peg p 1.594 0.029 1.584 0.028 2016NewA...46...470 07280 2016NewA...46...470 8.650 0.010 8.280 0.010 2016Ned@..470 8.208 0.003 8.384 0.003 7.890 0.004
2 V421Peg s 1.356 0.029 1.328 0.029 2016NewA...46...470 0 69820 2016NewA...46...470 8.650 0.010 8.280 0.010 8.208 030.08.384 0.003 7.890 0.004
3 DVPsc p 0.677 0.019 0.685 0.030 2014PASA...31..24E 4450 207MNRAS.382.1133Z 11.604 0.010 10.621 0.010 2000A&A5L..27H 10.219 0.005 10.997 0.015 9.334 0.013
4 DVPsc s 0.475 0.010 0.514 0.020 2014PASA...31..24E 3614 2007MNRAS.382.1133Z 11.604 0.010 10.621 0.010 10.219 50.000.997 0.015 9.334 0.013
5 MUCas p 4.657 0.100 4.192 0.050 2014PASA..31..24E 147FD  2004AJ....128.1840L  11.112 0.009 10.808 0.007 2019A8F2..85G 10.742 0.003 10.894 0.003 10.452 0.004
414 APAnd s 1.251 0.004 1.195 0.005 2014AJ...147..148L 564950 2014AJ....147..148L 11.606 0.057 11.074 0.085 10.91003 11.195 0.003 10.457 0.004
415 ALScl p 3.617 0.110 3.241 0.050 2014PASA..31..24E 5035350 1987A&A..179..141H 5985 0.014 6.070 0.009 2000A&®5L..27H 6.073 0.003 6.017 0.004 6.145 0.004
416 ALScl s 1.703 0.040 1.401 0.020 2014PASA...31..24E 0003360 1987A&A...179..141H 5985 0.014 6.070 0.009 6.073008. 6.017 0.004 6.145 0.004
417 V821 Cas p 2.025 0.066 2.308 0.028 2014PASA...31..24B009 400 2009MNRAS.395.1649C 8.402 0.029 8.286 0.017 2019472..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...24E00 8 400 2009MNRAS.395.1649C 8.402 0.029 8.286 0.017 8.220030 8.265 0.003 8.121 0.004

Table2

Component apparent magnitudes of DDEBBirV, G, Ggp and Grp according to component contributions estimated by the nethad using simplified SED

Order Name  pri/lsec Cross Reference Cont. (Eked.2020) Unreddened light contribution (this study) Compdragparent brightness [mag]
Xref1 Xref2 Ig v I Vi e lGBP lGRP B err \Y err G err Ggp err Grp err

1 V421Peg p 1 1 - 0.624 0.630 0.622 0.621 0.625 0.614 9.152 00.8BL796 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 00.®1335 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  11.710100 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 14.16810012.861 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  11.758090 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 0.4762.424 0.057 11.886 0.085 11.721 0.003 12.010 0.003 11.268040.
415 AL Scl p 583 205  0.960 0.950 0.924 0.914 0.916 0.920 0.904.0706 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 0.096.7908 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 40.778.652 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 60.220.120 0.029 9.951 0.017 9.893 0.003 9.957 0.003 9.736 40.00

Full versions of Tables 1 and 2 are available formAtga Astronomica Archivésee cover page)
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Table3

Component absolute magnitudes of DDEBBiV, G, Ggp and Grp and propagated uncertainties

Order Name  pri/sec Parallax“ﬁm L(SI) —A'f Mpol err Ag Ay Ac  Acgp Acgp Mg err My err Mg err Mggp  ©Ir MGgp  err
[mas]  [%] x10%7 %] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [k [mag] [mag] [mag] [mag] [mag] [mag] [mag]
1 V42lPeg p 6.5051 0.4 6245 2390 6 2751 0.061 0.122 0.092870.0.104 0.057 3.096 0.042 2.770 0.042 2704 0.041  2.857410.0 2.430 0.041
2 V421Peg s 65051 0.4 3771 1444 8 3299 0.088 0.122 0.092870.0.104 0.057 3.673 0.042 3.310 0.042 3.240 0.041  3.412410.0 2.932 0.041
3 DV Psc p 237216 0.1 0.166 0063 9 6.691 0.095 0.800 0.603920.0.633 0.368 7.787 0.041 7.041 0.041 6.777 0.040  7.381 30.046.049 0.042
4 DV Psc s 237216 0.1 0041 0016 8 8.219 0.085 0.800 0.603920.9.633 0.368 10.242 0.041 9.134 0.041 8.678 0.040  9.528430.0 7.741 0.042
5  MUCas p 0.5133 3.7 749.386 286.827 14-2.447 0.149 1.644 1233 1.243 1446 0.7761.333 0.091 —1231 0.090 —1.305 0.090 —1.356 0.090 —1.133 0.090
414 AP And s 29143 07 2291 0877 9 3.840 0.101 0.406 0.308820.0.341 0.190 4.340 0.071 3.903 0.095 3.762 0.043  3.991430.0 3.395 0.043
415 AL Scl p 46006 3.6 319.014 122103 11-1519 0.117 0.041 0.031 0.032 0.037 0.0200.657 0.090 —0.550 0.089 —0.549 0.088 —0.616 0.089 —0.451 0.089
416  ALScl s 46006 3.6 19.903 7.618 14 1493 0.155 0.041 0.03032 0.037 0.020 2.063 0.090 2.021 0.089 2.042 0.088 2.042890 1.979 0.089
417 V821Cas p 34262 0.6 37.469 14.341 17  0.806 0.187 0.123920.0.092 0.107 0.058 1.203 0.051 1.132 0.045 1.072 0.042 891.0.042 1016 0.042
418 V821Cas s 34262 0.6 9522 3644 19 2293 0205 0.12320.0092 0.107 0.058 2.671 0.051 2532 0.045 2475 0.042 2.80842 2.352 0.042
Eleven DR2 and one Hipparcos parallaxes are shown in squackdis and parenthesis, respectively.
Table4
Empirical standard componeBCs of DDEB inB, V, G, Ggp and Grp and propagated uncertainties
Order Name  prilsec BCg err BGy err BCs e BCgy, e BCgy, err (B=V)o (V=G)o (G—Ggp)o (G—Ggrp)o (Gep—GCrp)o
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] mkg] [mag] [mag] [mag] [mag]

1 Vv42lPeg p 0345 0.074 —0019 0070 0.047 0.069-0.105 0.074 0.322 0.065 0.326 0.066  —0.152 0.275 0.427

2  V421Peg s —0374 0.098 -0.011 0.094 0.059 0.094-0.113 0.097 0.367 0.091 0.363 0.070 0172 0.308 0.480

3 DV Psc p —1096 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 —2023 0.095 -0.916 0.091 —0.460 0.090 -1.309 0.095 0.478 0.088 1108 0456  —0.849 0.938 1.787

5  MUCas p -1113 0.175 -1216 0.173 -1141 0.173 -1091 0.175 —-1313 0171 -0.102 0.075 0.050  —0.172 —0.222

414 APAnd s —0500 0123 —0.063 036 0078 0106-0151 0110 0445 0104 0437 0141 0229 0367 0597

415 AL Scl p —0863 0.147 —0.970 0.145 —0.970 0.144 —0.903 0.147 —1069 0.143 -0.107 0.000 0.067  —0.099 —0.165

416 AL Scl s —0570 0.179 -0528 0.177 —0.549 0.176 —0549 0.178 —0.486 0.175 0.042 -0.021 0.000 0.063 0.063

417 Vv821Cas p -0.397 0.194 -0326 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 Vv821Cas 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 formAtga Astronomica Archivésee cover page)
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In Table 2, in addition to the first three columns which areshme as in Ta-
ble 1, the fourth and fifth columns give cross references e/ieef(1) (column 4)
indicates the order number in Eket al. (2018) and Xref(2) (column 5) indicates
the order number in Ekeat al. (2020). Every system in this study has at least one
Xref number in columns 4 and 5. Only five binaries from thedsGraczyket al.
(2019) do not have Xref in column 4. Systems without Xref nenstin column 5
are the ones excluded by Ekatral. (2020) either because of missikgband light
ratio or without interstellar extinction etc. In this stydye preferred to display
component contributions (columns 6 and 7) rather than ligiws 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®fstems in Table 2
are predictable by the new method. There are two poss#silfor this: from the
reddened SED, and the other from the unreddened SED. Thddered light con-
tributions are listed in Table 2 (columns 8, 9, 10, 11, 12)H8oY, G, Ggp andGgrp
passbands, respectively. Since reddened componenthedidris are the same in
four digits after the decimal, to save space, they are natstio Table 2.

At last, component apparent magnitudes in accord with timéribmitions are
given in columns 13, 15, 17, 19 and 21 for the same bands inahe rder.
Rather than propagating observational random errors, &kat. (2020) had no
option but to assume the same uncertainty for the componaghitudes as the
systemic brightness because the light ratig/(;) of components predicted from

o 05 0.0 05 10 15
log M

Fig. 1. Primary (+) and secondary (x) components on the reafuence and components discarded
(empty circles). Numbers are in the order in Table 1, p and primnary and secondary. Solid lines
show ZAMS and TAMS limits for solar metallicityf = 0.014).
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light curve solutions are usually published without an utaiaty. Using the same
method here, the same steps are followed in this study. Bhaheé uncertainty
of the component magnitudes were assumed to have the saredaimnty as the
uncertainty of the systemic brightness.

One may notice that many systems in Table 2 do not Balvand apparent mag-
nitudes (column 13) in contrast to apparent magnitudes & @essbands, which
are almost complete excluding onfy Aur and a CrB (both are too bright for
reliable measurement), while ten systems have misgihgnd magnitude.

There are eleven more systems, including VV Pyx, (markedliel 3) which
do not produce reliable SED model with EDR3 parallaxes. D&2altaxes produce
better SED model in this cases. For VV Py ,Aur anda CrB we found better
SED models with Hipparcos parallaxes.

Before going to the next section, where the new method isriest; we must
certify the 406 stars considered in this study are all in tladnrsequence stage of
evolution, which is very obvious in Fig. 1. The three prinegrand nine secondaries
identified as non-main-sequence stars appear locatedeutsihe main-sequence
limits, which are shown by continuous lines, according taVf2\(Zero Age Main
Sequence) and TAMS (Terminal Age Main Sequence) limits ler golar abun-
danceZ = 0.014 fromPARSEC evolutionary models (Bressat al.2012).

Metal abundance distribution of DDEB at the solar neighbochwithin the
disk of the Milky Way has already been discussed by Eteal. (2018), where
the peak at the solar metallicitZ (= 0.014—0.017) together with the lowerZ =
0.008) and the upperZ = 0.040) limits were indicated. To save space and to
be clearer at identifications of non-main-sequence staFignl, 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-sampleigynsalected from the
sample of Ekeet al. (2018), metal abundances of the main-sequences stars used
in this study are also expected to have a similar metalliggribution 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 (Coeteal. 1976, Cayrel
et al. 1997, Girardiet al. 2008, Andraeet al. 2018, Cheret al. 2019) utilizing the
well-known relation directly withS, (V) (sensitivity function of theV magnitude
system), f,, (monochromatic flux from a star)fyo, (bolometric flux of a star
reaching the telescope if there is no extinction), @adarbitrary constant of inte-
gration),

S\(V) ) dA

f [ee]
BG, :2.5|og%| +c2=2.5|ogf°fmT +Cy, (1)
0 0
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here, we introduce a new method operating indirectly. Tkig method deserves
to be called indirect because thdiltered radiation

= [ sv)ho (2)

is calculated using the SED model with simplifications oy redicting relative
light contributions (to be explained later) of componeatsin binaries. Only after,
apparent magnitudes of the components calculated frontapig@agnitude of the
system using the light ratio of components, and absoluteninates are calculated
from the apparent magnitudes as being corrected for iele&asextinction,BC of
each component is calculated as

BG/ = Mpoi — My. (3)

The first simplification is that the spectrum of a componefyf) (s approxi-
mated by a Planck Function, rather than a model atmosphamacterized by a
Teit, l0gg, micro-turbulent velocity {) and metal abundance [Fe/H]. Being in-
dependent of model atmosphere parameters, the new meteadier to use and
more suitable for obtaining empiric8Cs, e.g, for main-sequence stars, rather
than series oBC tables specified with a lag  or [Fe/H] for various passbands
of different photometric systems.

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

f, = ;—R;T[B)\(Tef-f). (4)

Then, the second simplification becomes clear, the spdictealand prominent
spectral features are ignored since the Plank functioresgmits the star’s contin-
uum. The equation implies that limb darkening is also igdongthin the solid
anglemiR?/d? where the isotropic intensity B, (Tefr) . Eq.(4) would be adapted to
a detached binary with spherical components as:

f\(system) = d—nz [REB)(T1) + R8BA(T2)] (5)

whereR; andR, andT; and T, are radii and effective temperatures of the primary
and secondary, respectively. df is also the distance from the Earth, thénin
both equations would represent an unreddened SED in unité of A1, The
unreddened SED of V618 Per, which is one of the systems ineThbis shown

by a dashed curve starting from the upper left and endingeataler right in
Fig. 2. The observed spectrophotometric flux data of V618aPetaken from the
SIMBAD database (Wengeat al. 2000). The observed flux data does not appear
to fit the unreddened SED, especially toward shorter wagdhen The deviation
from the unreddened SED is expected because of interstetiaction.



Flux [F) (erg cm=2 51 A -1)]

204 A A

V618 Per
______ SED data
10-14 ,/’ x 3o clipped
," IR - L -=-- Unreddened Stellar Flux
’ ""\--\.i\ ----- Reddened Stellar Flux
TNey —— Reddened Pri V-band
10716 - N
o —-~- Reddened Sec V-band
Sso —==- Unreddened Pri+Sec Ggpp-band
. ~ .
1 Ri1=1.64 Ro \\\ ----- ; Reddened Pri+Sec Ggp-band
107" 1 Teffi=11000 K e
R;=1.32 R, \\\\
Teff2=8000 K .
107204 . S
Distance=2424.2 pc ~ .
N
~
x?=0.97798 l168p=0.820, I268p=0.180, l1Grp=0.767, l2Grp= 0.233\\
N
. ~
10-22 { E(B-V)=0.60 16=0.802, Ic=0.198 \\\\
N
~
l,y=0.801, l,y=0.199, ;5= 0.832, l,5=0.168 A
103 104 105 106

Wavelength [A (4)]

Fig. 2. Unreddened (dashed) and reddened (dotted) SED sifod&/618 Per. Flux data determining
the reddened SED are shown by filled circles. Crosses areleeitsted more thand® For simplicity,
only the relative/-band contributions of primary (continuous) and secong@oy-dashed) are shown
by vertical profiles on the left. Thé-band dimming fg,,) is computed from the vertical profiles
on the right which are the total (primary + secondary) lighthe system from the reddened (dotted)
and unreddened (dashed) SED after convolution byGHater.

For modeling the observed SED data, our unreddened SED nsodeldened
by adjustingE(B—V) of the system until a best fitting reddened SED is obtained
using the reddening model of Fitzpatrick (1999). The patenf®V) is adopted as
R(V) =3.1. Since we have calculated the param&er) = A, /E(B—V) for each
filter individually, the initially selected value dR(V) did not affect our analysis.
We will discuss this issue later. The fitting of the reddened SED is displayed by
a dotted continuous curve just below the unreddened SEDyireki

Assuming no interstellar extinction, that is the previgusbmputed unred-
dened SED (Eq. 5), one may compute unreddened visualfflusf a component,
if a reliable trigonometric parallax (or distance) is asbik, usingf, from Eq.(4)
to indicate the flux contribution of the component in ¥éltered radiation (SED)
reaching above the Earth’s atmosphere. However, by regdbe unreddened,
with the reddened, , which is obtained by? fitting, one may compute thé-band
flux contribution of the very same component in the redderted.S

We have systematically calculated both reddened and ueneddcomponent
contributions atB, V, G, Ggp and Ggrp passbands using the filter profiles from
Bessel (1990) and Evargt al. (2018) for Johnsom, V, and Gaia passbands, re-
spectively. For the sake of clarity, onl{tband contributions of the primary and the
secondary of V618 Per corresponding to the reddened SEhavensn Fig. 2 as
vertical profiles on the left where the solid and dotted-dasds are for primary’s
and secondary’s contribution, respectively. Unreddermdributions of primary
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and secondary are not shown for clarity. Notice that havitmgger radius and
a hotter effective temperature, the primary’s contributie larger than the sec-
ondary’s contribution. Relative contributions of compotseare given in Table 2
(columns 6-12). The relative contribution of a primary isnputed as:

fe (pri)
fz(pri) + fz(seq’

Primaryscont = (6)
where¢ represents one of the passba®jly/, G, Ggp and Grp. Then, the sec-
ondary’s relative contribution is just one minus the priggcontribution.

3.1. Multiband Standard BCby the New Method

The new method provides not only component contributionisalao provides
the amount of dimming due to interstellar extinction in mi@iggte scale £ ) which
is needed when computing absolute magnitude)(of a component from its ap-
parent magnitudé,

Mg =& +5logw+5— A, (7)

wherew andA; are trigonometric parallax in arcseconds and intersteXtinction
in magnitudes for the passba&drespectively. It would be clear according to Fig. 2

that
J3 S\(&) 2(systerdh
Jo S\(&) fa(systemd\’

where ff (system) is the unreddened SED of the system. The profile ajte/o-
lution of ff(system) by theG filter is shown as the dashed vertical profile on the
right in Fig. 2. f, (system) is the reddened SED of the system. The profile after
convolution of f, (system) by theG filter is shown as the dotted vertical profile in
Fig. 2.

The dimming @ ) in each of the photometric banBsV, G, Ggp, andGgp are
calculated according to Eq.(8) and they are listed in Taltg8ther with the other
parameters needed for computing absolute magnitudes afaimponents. The
first three columns are the same as in Table 2 (order, namey angd). Parallax
and relative error of parallax are in columns 4-5.0f the components accord-
ing to Stefan-Boltzmann law in Solar and Sl units and its eisded relative error
propagated from the uncertainties of radius aRg are in columns 6-8. After
bolometric absolute magnitudes (column 9), which are cdetbdirectly fromL,
using the relation suggested by IAU General Assembly RésollB2, hereafter
(IAU 2015 GAR B2)

A; = 25log (8)

Mpol = —2.510gL + Chol, (9)

whereCpo = 71.197425.. if L uses Sl unitsCyo = 88.697425 .., and if L uses
cgs units (IAU 2015 GAR B2, Ekest al. 2021a), the interstellar extinctions (dim-
ming) inV, B, G, Ggp, and Ggp passbands are given in columns 11-15. The rest
of the columns of Table 3 is reserved for the absolute made#twf components
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inV, B, G, Ggp, and Ggp bands and their associated errors. Finally, the multi-
band standar®C values of the component stars according to the basic definiti
BCG = Myol — Mg (multiband form of Eq. 3) are listed in Table 4, where the auhs

are self-explanatory, order, name, p oB§g and its errorBG, and its errorBCg

and its errorBCg,, and its errorBCg,, and its error.

3.2. Testing the New Method

Even if a zero-point error is absent, besides the propagateds originating
from the random observational uncertainties, consequemoes would also be ap-
pended to a computeBC if it is calculated directly from Eq.(1) with a simplified
SED. The consequence errors are defined here to indicats er@computedC
if it is predicted according to Eq.(1) where the SED of the poment is not its ob-

SED B-band Reddened light cont.

SED V-band Reddened light cont.

0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1
B-band light cont. Eker et al. (2018)

0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1
V-band light cont. Eker et al. (2018)

SED B-band Unreddened light cont.

SED V-band Unreddened light cont.

0 I I I I I I I I I
0 0102 03 04 0506 07 0809 1

B-band light cont. Eker et al. (2018)

o Y S S—

0 0.1 02 03 04 05 06 0.7 08 09 1
V-band light cont. Eker et al. (2018)

Fig. 3. Comparison oB andV passband calculated primary (+) and secondary (0) compdiget
contributions with those listed in Eket al. (2018). a and c are from reddened SED, b and d are
from unreddened SED. Solid line refersye= x. Note that the number of data pointd) are not

the same. This is because some systems have dnilyaad light ratio predicted fromé-band light
curve while the rest have boBandV-band light ratios fronB andV-band light curves.
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served spectrum with a sufficient resolution but a specteprasented by a Planck
function with Te of the component. The consequence errors are expectedseecau
simplifications introduced by Planck functions make sonmpnent spectral fea-
tures lost, thus the comput&C would be affected. Existence of a consequence or
a zero-point error is sufficient to make a calculaB£ non-standard.

Zero-point errors are avoided if one uses Egs.(3) and (9) vess claimed by
IAU 2015 GAR B2 and Ekeet al. (2021a), when computinBC of a component
directly from BG, = Mpo — My . For the consequence errors, however, we claim:
Unlike Eq.(1) with a simplified SED excluding certain promiti spectral features
together with spectral lines, the method in this study, Whises Eq.(3) rather
than Eq.(1), does not exclude any of the spectral featurdéirmes despite using a
simplified SED. This is because the total effect of all proeminfeatures and lines
on a spectrum is automatically included in throudf in Eq.(3) where a simplified
SED is needed indirectly only for estimating relative ligiointributions of binary
components from whicMyo andMy of the components are predicted.

Nevertheless, a test is necessary to make sure if the sietgpB&ED provides re-
liable light contributions of the components. Fig. 3 congsdractional component
contributions predicted in this study to a limited numbefrattional light contri-
butions inB- andV-passbands from the eclipsing light curves collected by Eke
al. (2020) for producingBG, and BG,—Tes relation obtained from DDEB. The
one-to-one correlation of almost all data is very clear. dldy component contri-
butions from the reddened SED but also the unreddened SHidsaftudy almost
perfectly confirm the component contributions (columnsZ-Table 2) obtained
from the eclipsing binary light curves.

Fig. 3 confirms that even if a light curve of an eclipsing bingystem is highly
reddened because of interstellar extinction, the light rat components or com-
ponent contributions predicted from light curve soluti@ns the same as the light
contributions predicted by the new method using the reddland unreddened SED
of the system.

4. Calibrations of Multiband BC — Temperature Relations

OnceBCs according to Eq.(3) are available (Table 4), then it iSgittdorward
to calibrateBC—Teg relations usinglessr Of the component stars. The least-squares
method is used to obtain the best-fitting curve of a calilk®€—Te;;. Fig. 4
shows the empirical standaB{C values computed in this study and the best-fitting
fourth-degree polynomials together witlo Heviations below each panel f@,
Ggp and Grp. Empirical standardBC—Tgi relations forV- and B-passbands of
Johnson photometry are also produced for compaB@g T of the V-band by
Ekeret al. (2020). Fig. 5 shows thBC—Tef curves forB- andV-bands.

Comparing component light contributions produced in thislg to the ones
from light curve solutions as in Fig. 3 is a preliminary testtioe new method
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Fig. 4. Empirical Standar@®C — Teg relation for G (top), Ggp (middle and Grp passbandshpt-
tom). The best-fitting curves (solid lines), the standardg) and X0 deviations (dashed lines) are
indicated. N is the total number of standaf8C, used in the fit. Filled and empty circles refer to
primary and secondary components, respectively.
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wether reliable component contributions are produced or Rlaving consistent
BC—Tei relations in all the passban@s V, G, Ggp and Ggp is the second test
of the new method, which is successful again. Successfutigyred BC—Tes
relations confirm not only the validity of component lightntabutions but also
confirm the reliability of dimming £ ) provided using the new method.
Coefficients and uncertainties for tlB8C— T functions from the least-square
method are listed in Table 5 where the columns are for thegphetric bands used
in this study including a comparison column (column 4) of Eké al. (2020).
The rows are for the coefficients of the fitting polynomial ,em associated errors
are indicated by+ just below the value of a coefficient. The lower part of the
table compares standard deviatiomg), correlation {?), and the standar@C
of a main-sequence star withyy = 5772 K (a solar twin). MaximunBC and
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corresponding effective temperatures are given below bselate and apparent
magnitudes. The lowest part of the table is for indicatingridnge of the positive
BC values if exist.T; and T, are the two temperatures, which maB€ = 0. The
BC values betweefT; and T, are all positive else negative. Th and T, are not
given, then allBC values are all negative or all positive. If onlg is given, then
BC is positive forTe < T, BC= 0 if Tesf = T2 elseBC is negative.

Table 5 indicate BC—Tes curve of this study has a smallems and higher
correlation R value) compared to thems and correlation coefficient obtained
in Ekeret al. (2020). Fig.6a compares tH&G, —Tesr curve of this study to the
BG,—Tet curves by Flower (1996), Ekest al. (2020), Mamajek (2021, private
communication) and Cox (2000BCs of Cox (2000) are all overestimated (more
negative) compared to oth&C displayed in the figure except Flower’'s (1996)
toward the coolest part of the temperature scale. BGealues of Mamajek (2021)
appear overestimated (more negative) compared tBealues of Ekeret al.
(2020) for the stars hotter than 10 000 K, also for a very sraalfje of coolest stars
but the rest appears to be the same. Blevalues of Flower (1996) deviate from
the curve of Ekeet al. (2020) and Mamajek (2021) as being bigger absolute value
toward the coolest temperatures. Nevertheless, except fionited temperature
range near 10000 K, all oth&C values appear underestimated when compared to
the standardBCs of this study.

Several tables exist which provid&Cs in different photometric passbands in-
cluding Gaia photometry (Martins and Plez 2006, Jatdal. 2010 and Pedersen
et al. 2020) as a function of atmospheric parametgss, logg, ¢ or [Fe/H] and
are commonly used to derive isochrones in different col@isardi et al. (2002)
is one example. First, Andras al. (2018) combinedCs of various atmospheric
parameters (log, ¢, metallicity) and produced a singBCs—Tess relation for the
main-sequence stars having effective temperatures (Z8Q0-K). Later, Pedersen
et al. (2020) gave the same for temperature range (10 000-30 0GiyK)Her with
other 26 filters commonly used. Fig. 6b compares empifd&-Te curve in the
G-band of this study to th&-bandBC—T curve of Andraeet al.(2018) and Ped-
ersenet al. (2020), which appears overestimati@gband BC for the stars cooler
than 6500 K and hotter than 10000 K, respectively. OBEr T relations rep-
resenting a specifi¢ or [Fe/H] predicted from model atmospheres are not suitable
for comparison to the empirical relations of this study.

Empirical BC—Te relations are not like fundamental relatioresg, Stefan-
Boltzmann law. They are rather statistical relations likessicalMLR (Ekeret al.
2018, 2021b). They could be used only under correct comditiet statistically.
Because of stellar evolution (Clayton 1968), there couldriamy stars with the
sameM but variousL due to different ages, different chemical compositions and
internal mixing. Therefore, in reality, there is no uniqueninosity (L) for a typ-
ical main-sequence star of a given mabt)( However, with a large uncertainty
covering L values of all main-sequence stars, the classMbBR’s may provide
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Tableb

Parameters for passband ba&&l vs.temperature relations

Coefficient BCs BCy BG, * BCe BCosp BCorp
a —127243 376798 —236069565 —1407.14 —342155 —141567
+3942 +2888 +51980058  +2567 +2936 +2533
b 107585 359586 210900655 130908 324819 134238
+3944 +2909 +51947090  +£2589 +2961 +2554
c —337.831 —-128659 70196628 —453605 -115682 —475827
+1477 +1096 +19429038  +97.67 +1117 +96.34
d 468074 204764 10330304 702338 183372 749702
+24.53 +18.32 +32.23187 +16.34 +18.68 +16.12
e —242862 —-122469  —115957 —4.1047 —-109305 —4.44923
+1.552 +1.146 +1.441 +1.023 +1.169 +1.009
rms 0.136257 0120071 0215 Q11068 0126577 0109179
R 0.9616 09789 0941 09793 09738 09884
BC. [mag] —0.600 0069 —0.016 Q106 -0.134 567
Mg [mag] 5340 4671 4756 4634 4874 4173
ms [mag] —26.232 26901 —26.816 —26938 26698 —27.399
BCnax[mag] —0.301 0094 0095 Q0106 —0.062 Q709
Tmax [K] 8222 6397 6897 5715 6879 4345
Ty [K] - 5300 5859 4565 - -
T2 [K] - 7830 8226 7420 - 8590

*. Eker et al. (2020)

Parameters have the forBC; = a+ b x (logTef) + ¢ x (IogTerr)? + d x (IogTesr) + € x
(logTesr)* (Figs. 4 and 5). For the calculation of passband based sbtarite magnitudes,
solar absolute bolometric magnitude is adopted tdviag, . = 4.74 and theBC; refers to
Tett,o = 5772 K. The relations are valid in the temperature range 60298 000 K.

only a meanL for a typical main-sequence star of a givkh The same is true
that theBC—Tef relations may provide only a mean or a typi@&C for a typical
main-sequence star of a given typidak.

Therefore, it is an astrophysical interest to have a talde#ating typical Tes
and typical BC of main-sequence stars. Table 6 is the extension of an atigin
table given by Ekeet al. (2018) and Ekeet al. (2020), where typical fundamental
astrophysical parameters of main-sequence stars arenpedseith BC, (B—V)o
andMy, as a function of typical effective temperatures associaidthe spectral
types. Table 6, here, is kept short to contain only spegig, typicalTes and
meanBCs and intrinsic colors of nearby Galactic main-sequenas stdh 0.008
< Z < 0.040 for the bandB, V, G, Ggp and Ggp.

An interesting feature of multibanBC—Tef relations would be revealed if the
BC values on Table 6 are plotted on a single frame (Fig. 7) asaifumof effective
temperature. Itis not a surprise to 8€—Ter relations of Gaia passbands (Fig. 7a)
cut each other at a common point neaf 0000 K (logTest = 4). This must be due
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Table6

Mean bolometric corrections and intrinsic colors of nearain-sequence stars as a function of
typical effective temperature and spectral types havinghigties 0.008< Z < 0.040 for the
passbandB, V, G, Ggp and Ggrp

| From Table 5 | From Table 8

SpT Teff BGs BG, BCsc BCgyp BCsrp (G—Grprlo (Gep—Grpr)o (Gep—Grpr)o (B—V)o

(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
08 33963-2.941 —3.192 —3.126 —2.957 —3.492 —-0.367 —0.536 —0.543 —0.352
09 32211-2.795 —2.997 —2.965 —2.775 —3.319 -0.354 —0.544 —-0.525 —0.340
BO 29512 -2556 —2.700 —2.709 —2.497 —3.042 —-0.334 —0.545 —0.493 —0.320
B1 25119-2127 —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 Q012 —0.035 Q032 Q026
A0 9886 —0.371 —0.274 —0.323 —0.297 —0.269 Q055 Q028 Q093 Q067
Al 9419 —-0.340 —0.206 —0.257 —0.243 —-0.173 Q084 Q070 Q135 Q095
A2 9078 —0.322 —0.158 —0.209 —0.206 —0.102 Q107 Q104 Q168 Q118
A3 8750 —-0.309 —-0.113 —-0.164 —0.173 —0.033 Q130 Q140 Q202 Q142
A5 8222 —0.301 —0.045 —0.094 —0.125 Q078 Q172 Q204 Q266 Q185
A6 7980 —0.303 —0.016 —0.064 —0.107 Q130 Q194 Q237 Q298 Q209
A7 7745 —-0.308 Q009 —-0.036 —0.091 Q179 Q215 Q271 Q332 Q233
A8 7534 —-0.317 Q030 -0.012 —0.079 Q224 Q236 Q304 Q365 Q257
FO 7161 —-0.343 Q062 0027 —-0.066 Q302 Q275 Q367 Q427 Q303
F1 6966 —0.363 Q075 Q045 —-0.062 Q342 Q297 Q404 Q466 Q331
F2 6792 -0.384 Q084 Q059 -0.062 Q377 Q318 Q440 0501 Q357
F3 6637 —0.406 Q089 Q071 -0.064 Q408 Q337 Q473 Q535 Q382
F5 6397 —0.447 Q094 0086 —0.073 Q455 Q369 0529 0591 Q429
F6 6310 —0.464 Q093 Q091 —-0.078 Q472 Q381 0550 0613 Q447
F7 6223 —0.483 Q092 0095 —-0.084 Q488 Q393 Q573 Q636 Q465
F8 6152 —0.499 Q091 Q098 —-0.090 Q501 Q403 0591 Q655 Q481
GO 6026 —0.530 Q086 Q102 —-0.102 0524 Q422 0626 Q690 Q510
Gl 5957 —0.548 0082 Q104 —-0.110 0536 Q433 0646 Q710 0526
G2 5888 —0.567 Q078 Q105 —-0.118 0548 Q443 Q667 Q730 Q543
G3 5848 —0.579 Q075 Q105 —-0.124 Q555 Q450 Q679 Q743 Q0554
G5 5741 —-0.612 Q065 Q106 —-0.140 Q573 Q467 Q713 Q776 0582
G6 5689 —0.629 Q060 Q106 —0.148 0581 Q476 Q730 Q793 Q596
G7 5649 —0.642 Q055 Q105 -0.155 0588 Q483 Q743 Q806 Q607
G8 5559 -0.674 Q044 Q104 -—-0.172 0602 Q498 Q774 Q837 0633
KO 5248 —0.801 —0.010 Q090 -0.247 Q645 Q556 0892 Q951 Q729
K1 5070 —0.888 —0.054 Q075 -0.302 Q666 Q591 Q969 1028 Q788
K2 4898 —0.982 —0.106 0056 —0.366 Q683 0628 1049 1102 Q0846
K3 4732 —-1.085 —0.167 Q031 -0.439 Q696 Q665 1135 1177 Q902
K5 4345 —-1.375 —0.362 —0.053 —0.660 Q709 Q762 1368 1365 1025
MO 3802 —1.939 —0.803 —0.258 —1.138 Q666 Q924 1804 1659 1193
M1 3648 —2143 —0.977 —0.341 —1.323 Q636 Q978 1959 1750 1240
M2 3499 —-2363 —1.174 —0.435 —1.528 Q0598 1033 2126 1845 1286
M3 3350 —2.610 —1.402 —0.545 —1.765 Q547 1092 2312 1947 1331
M4 3148 —2991 —1.770 —0.722 —2.143 Q457 1179 2600 2111 1393

M5 2999 —3.314 —2.094 —0.879 —2.473 Q370 1249 2843 2264 1439
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to using the Vega system of magnitudes, which assumes zenosin colors for
a hypothetical star of AQOV spectral type with an effectivenpeerature 10 000 K.
The Vega system of magnitudes uses Vega as the standarddt@ssumes that all
intrinsic colors of Vega are equal to 0. While Vega is clasdifas an AQV star, its
effective temperature is 9600 K while its apparent brighgisV = 0.03 mag. The
crossing point of theBC—Tgi; relations of JohnsoB, V occurring erroneously at
a higher temperature (Fig. 7b) indicates lower precisiath @curacy of Johnson
magnitudes with respect to Gaia magnitudes used in thig.stinis is not a surprise
because the tot& andV brightness of DDEB systems are collected from various
sources (see Table 1) unlike Gaia magnitudes, which ara fad a single source,
EDR3. The maximunBC and/or ranges of positivBC values given in Table 5 are
visualized in Fig. 7.

5. How to Improve Standard Luminosities

Improving the accuracy of standakdcould be achieved in two ways. One way
is to improve the accuracy of existing stand®@— Ty relations and the second
way is to increase the diversity of the stand&@-— T relations. The former way
is already achieved by calibrating multiband standB@3-Tes relations using the
most accurate stellar astrophysical data available. Tpedwed relations and their
related statistics are given in Table 5. A user would produstandard. of a
star almost twice more accurate now if he/she IB8g—Ter relation of this study
rather thanBG, —Tess relation of Ekeret al. (2020) if propagated uncertainty of
My of the star is dominated by relative parallax er{@®) and if it is /W <
5.5 per cent. This is because the standard deviation oB@g— Tesr curve of
this study is reduced t8D= 0.12 mag implying 11.05 per cent f&L /L if My
is errorless, while it wassD = 0.215 mag (see Table 5) implying 19.8 per cent
for AL/L correspondingly. Otherwise (ifi;/w > 5.5 per cent), the uncertainty
of computedL would naturally be dominated by the parallax error. Themw, th
propagated uncertainty of the standérdvould have been much biggehl( /L >
11.05 per cent).

The standard deviation of BG, — Tes curve determines the limiting accuracy
of the standard. (Ekeret 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 correspondindig/éhe uses one of
the BC — Tt relations atB, V, G, Ggp, or Grp photometric bands, respectively.
However, if o/ > 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 stanetaod of the L is bigger.

At the limit, when the uncertainty ofly dominates over the uncertainty 8C
and the distance errors dominate over brightness and @gtinerrors, it becomes
twice the relative error of the parallax according to therfolation of Ekeret al.
(2021b).
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Providing independerBC — Tef relations aB, V, G, Ggp- or Grp-passbands
determined independently by the least-squares methodtfreindependent obser-
vational photometric and astrometric data of DDEB, whioh lanown to provide
the most accurate stellar astrophysical parameters, Babllewed us to investigate
the second way of improving the accuracy of a standar@®ne does not need to
calculate the actual value of the stand&rdor speculating about its relative un-
certainty @AL/L) if it comes from a singldBC—Tex relation. Similar speculations,
however, are not possible in the second way of improvingc@ation of actualL
from each of theBC—Tgs relations is needed.

Then, there are many standdrdvalues for a star representing each of the pho-
tometric bands, like many independent measurements of @iguaHowever, we
prefer not to calculate many different standdrdor a star and then take an aver-
age. Instead, we prefer to predict five differéig, together with their associated
uncertainty propagated from the uncertaintyM$, and the uncertainty oBGC
(Table 5) first. Then, we combine them according to

1 N
Mool = IszoLi (10)

to obtain a singlévl,g for a star, wheréMpo; = M; +BG, provided withi = B, V,

G, Ggp, andGgp passhanda\ is a number between 2 (o is predicted froni,

V only) and 5 (if Mpg is predicted from all the passbands) because some systems
do not have total apparent brightness measured at certatomphbtric bands. At
last, the most improved standdrcof a star is predicted directly from its meadyq
value according to Eq.(9). To estimate its relative undetyg AL /L), we preferred

to calculate a standard error for tivy first and then propagate it to the standard
L. A similar approach of using an average bolometric mageialculated based
on several different photometric passbands to dekiveas used by Pedersex

al. (2020) to derivel. of B dwarfs, but for apparent instead of absolute bolometric
magnitudes.

Predicted (from photometry) and calculated (fr&and Tet) L of the sample
stars in this study are compared in Fig. 8a. A very high cati@h (R> > 0.999)
between the predicted and calculated luminosities is deanlg. Fig. 8b compares
histogram distributions of their uncertainties. Uncertigs of the predicted have
a sharp well-defined peak at 2 per cent with a smaller dispersvhile the un-
certainties of the calculateld have a fussy peak at 8 per cent with a much wider
dispersion. Fig. 8 shows that a prominent improvement idiptig a standard L
of a star occurs if all the existing independ@®®— T relations are used accord-
ing to the method introduced in this study. The improvemsntmarkable and
real (not speculative) that there is a method, now, whicHdcptovide a standard
luminosity of a star more accurate than the classical metisath observed radii
and effective temperatures according to the Stefan-Baitantaw.



Table7

Component bolometric magnitudes and luminosities of DDEB,iV, G, Ggp and Grp passbands

Order Name pri/fsec Mpq|(B) err  Mpg(V) err  Mpo(G) err  Mpo(Ggp) err  Mpo(Grp) err (Mpol) Meanerr log(L/Le)
[mag]  [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag] mpg]  [mag]

& logL/Le)sB) 4

[%]

[%]

1 V421 Peg p 2.760 0.143 2.825 0.124 2722 0.115 2.789 0.133 7132. 0.111 2.762 0.021 0.791 1.924
2 V421 Peg s 3312 0.143 3.383 0.124 3.284 0.115 3.349 0.133 2713. 0.111 3.320 0.021 0.568 1.919
3 DV Psc p 6.499 0.142 6.741 0.124 6.751 0.115 6.789 0.134 76.76.112 6.707 0.053 —0.787 4.857

4 DV Psc s 8.051 0.142 8.115 0.124 8.317 0.115 8.160 0.134 98.36.112 8.202 0.061 —1.385 5.580

5 MU Cas p —2240 0.164 —-2208 0.148 —2329 0.140 —2.255 0.155 —2.293 0.137 -2.265 0.021 2.802 1.943
6 MU Cas s —2.060 0.164 —-2021 0.148 —-2145 0.140 —2.070 0.155 —2.108 0.137 -2.081 0.021 2.728 1.950
7 TYC 4019-3345-1 p 1.687 0.145 1.764 0.127 1549 0.118 1.601136 1.601 0.115 1.640 0.038 1.240 3.496
8 TYC 4019-3345-1 s 1.687 0.145 1764 0.127 1549 0.118 1.601136 1.601 0.115 1.640 0.038 1.240 3.496
9 YZ Cas p 0.540 0.145 0.642 0.125 0.562 0.115 0.591 0.133 10.50.112 0.585 0.017 1.662 1.569
10 YZ Cas s 3.382 0.145 3.533 0.125 3.469 0.115 3505 0.133 663.40.112 3.471 0.025 0.508 2.340
409 IT Cas p 3.174 0.145 3.261 0.131 3.153 0.116 3214 0.134 1443. 0.113 3.189 0.022 0.620 1.988
410 IT Cas s 3.220 0.145 3.307 0.131 3.200 0.116 3.261 0.134 1913. 0.113 3.236 0.022 0.602 1.988
411 BK Peg p 2.926 0.148 2981 0.125 2.846 0.115 2925 0.133 8272. 0.112 2.901 0.028 0.736 2.617
412 BK Peg s 3.537 0.148 3591 0.125 3454 0.115 3.534 0.133 4363. 0.112 3.510 0.029 0.492 2.645
413 AP And p 3.796 0.154 3.879 0.151 3.724 0.116 3.805 0.134 7133. 0.112 3.783 0.030 0.383 2772
414 AP And s 3.911 0.154 3.996 0.151 3.843 0.116 3.923 0.134 8313. 0.112 3.901 0.030 0.336  2.750
415 AL Scl p -1414 0.163 -1361 0.147 -1405 0.139 —1368 0.154 -1409 0.136 -1.391 0.011 2453 1.032
416 AL Scl s 1.659 0.163 1.686 0.147 1.658 0.139 1.696 0.154 6271. 0.136 1.665 0.012 1.230 1.116
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 1552 1.694
418 V821 Cas s 2.365 0.146 2440 0.126 2332 0.115 2365 0.133 2350 0.112 2.371 0.018 0.948 1.688

0.796  5.655
0.577 8.146
-0.780 8.789
-1391 7.832
2.875 13.768
2.800 13.423
1.184 15.498
1184 27.114
1674 5117
0.553 13.983
0.608 7.053
0.590 8.500
0.738  5.487
0.493  2.990
0.406 9.194
0.360 9.280
2,504 10.783
1299 14.269
1574 17.193
0.979 18.872

Full versions of Tables 3 and 4 are available formAtga Astronomica Archivésee cover page)
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Fig. 8. a) Comparing predicted (from photometry) and calad (fromR and Teg) L of the sample
stars. b) Histogram distribution of the uncertainties agged with predicted (darki. is compared
to the histogram distribution of the uncertainties asgediavith calculated (grayl..

We summarize the data produced by the method used in thig stdcble 7.
The columns are self-explanatory to show order, system ndommeomponent (pri-
mary or secondary) in the first three columns. Then next tekimuas are reserved
for the predictedMyg values from its definition¥po = Mg +- BC; ) and associated
propagated errors 8 V, G, Ggp, andGrp passbands. Then, the combined (mean)
Mpol @nd its standard error are provided in columns 14 and 15. ddeithm of the
predictedL in solar units and its relative uncertainty are listed inuoahs 16 and
17. The last two columns are for the calculatedh solar units and their relative
uncertainty. Fig. 8 is produced from the last four columndatble 7. Therefore,
the last four columns are ideal for a reader who is interestedmparing actual
numerical values of the predicted and computeahd to see how small the relative
errors of the predictetl are compared to the errors of the computed

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 candidatesting how
good its luminosity would be predicted according to the rodttescribed in this
study because it is the reference star that IAU 2015 GAR Bd tsdetermine the
zero point constant of the bolometric magnitude s€g = 71.197 425.. mag
from L = 3.8275+0.0014) x 10?® W and My = 4.739 996.. mag. TheBC
values (-0.600, 0.069, 0.106:-0.134, 0.567 respectively &, V, G, Ggp and
Grp) given in Table 5, which are marked with symbol, should not be understood
as theBC of the Sun. They are the predictB€ values for a typical main-sequence
star havingTes = 5772 K. Consequently, absolute and apparent magnitudes giv
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in Table 5 just below thosBC values are typical absolute and apparent magnitudes
if this star is replaced as the Sun. Now the question: is isibbs to estimate the
luminosity of the Sun just from its effective temperatufer(- = 5772 K) using the

BC given in Table 5? To proceed toward this aim, one needs apipasagnitudes
and distance as in the other stars used in this study.

While apparent magnitudes in the Gaia passbands for the @ud be calcu-
lated using a measured/calculated solar composite spe¢ttlimer 2018), one
for sure cannot find measured Gaia apparent magnitudes. udowié is pos-
sible to find a measured, = —26.76+ 0.03 mag value (Torres 2010). Same
and slightly different (in the second digit after the dedimalues seem to be
preferred by various authors (see the references in Tof#6,2and Ekeeet al.
2021b). Astronomers handbook “Allen’s Astrophysical Qtitéas” (Cox 2000)
gives it 0.01 mag dimmer, where apparent and absolute matgstof the Sun in
U, B, V, R, | andK-bands could be found. Takin@® — 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 applyitg method described in
this study. Here, we assurBandV apparent magnitudes of the Sun have the same
uncertainty ¢0.03 mag).

No interstellar extinction for the Sun and because its distas also known
with a great precision compared to other stars, only therghenal uncertainty
AV ~ AB ~ 0.03 mag propagates to the solar absolute magnitudes; = 4.812+
0.03 mag, andMg = 5.462+ 0.03 mag. Using theBC and rms values (Ta-
ble 5) for a typical main-sequence star wiily = 5772 K, the predicted bolometric
magnitudes of the Sun would Béyo - (1) = 4.881+0.136 mag anMpo - (2) =
4.8624+0.12 mag, respectively from itd¢andB magnitudes. After combining them
by taking a simple averagklyo - = 4.872 mag. The differences from the mean
indicate an+0.095 mag uncertainty. At last, using Eq.(9), the predictddrda-
minosity isLp(®) = 3.39x 10?6 W, and the relative uncertainty & /L ~ 8.7 per
cent.

Comparing this value to the nominal Solar luminodity: 3.838x 10°® W, one
can see how successful the method is. A luminosity, whiclb@iall.7 per cent
smaller than actual L, is predicted. A single channel prediction fraviyo - (1)
or Mpol,o(2), would have given us a prediction with a relative error oBlZer cent
or 11.05 per cent respectively. All predictédvalues agree to the redd within
the error limits estimated.

6.2. A Solar Twin for a Test

The primary of HP Aur system with a ma$4é = 0.95434+0.0041 M., a ra-
dius R=1.0278+0.0042 R,, and an effective temperatufigs = 5810+ 120 K
(Lacy et al. 2014) could be considered as a solar twin. According to tle¢aSt
Boltzmann law, its luminosity id = 1.084 L., = 4.162x 10?6 W. Propagation
of the observational uncertainties shows its relativergifs. /L) would be about
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8.302 per cent. Now the question is: Using the method of thidyshow accurately
would its luminosity be predicted?

Its apparent brightnesses are= 11.489+0.07, G = 11.283+0.003, Ggp =
11628+ 0.004, Grp = 10.7614+0.004 mag. According to simplified SED, the
primary contributes 75.7 per cent of the total light radiaby the system irV,
75 per cent inG, 76.5 per cent inGgp and 72.9 percent itbrp. The simplified
SED also impliesAy = 0.335 mag,Ag = 0.298 mag,Ag,, = 0.366 mag, and
Acq, = 0.207 mag as the interstellar dimming. Parallax of the sysgef2432+
0.0306 mas. Consequently, its absolute magnitudeshMiye= 4.753+ 0.033,
Mg = 4.5834 0.033, Mg,, = 4.860+ 0.042, andMg,, = 4.152+ 0.024 mag.
Table 5 givesBG, = 0.072+£0.12, BCz = 0.106+0.11, BCg,, = —0.129+0.13,
and BCgge, = 0.562+0.11 mag. Here, we notice that the errorsB@ values are
bigger than errors in filter based absolute magnitudes. , Tthag could be ignored.
That is, BC errors would be the dominant factor when calculating thestiainty
of its bolometric absolute magnitudes. This means if sipglesband used in pre-
dicting its L, the relative error of itd (AL/L) will not be smaller than 10 per
cent.

According to Eq.(3), théyg are calculated as 4.824 mag, 4.688 mag, 4.73 mag,
and 4.713 mag, respectively at four photometric bands. #t lane obtains a
mean Mpq = 4.739+ 0.03 mag for the solar twin, where its uncertainty is as-
sumed to be the standard error by definition. After computind. using Eq.(9),

L =3.831x 10?® Wis found. At last its uncertainty-0.03 translates tL /L ~ 2.5
per cent.

Predicted and calculatddfor the primary of HP Aur agree to each other within
the error limits. The calculated luminosity frol and T using the Stefan—
Boltzmann law seems to be overestimated. The predictedatdh = 3.831 x
107° W appears more reliable because of its predicted unceytahitlast, it can
be concluded that the method of computing standard L of stsireg multiband
photometry andBC — Teg relations involving SED is very successful in predict-
ing luminosities much more accurately than the direct ngttiising observedR
and Tegr. Using four BC — T curves ended up predicting a standardit least
four times more accurately than in the case if one uses ordyobthe BC — Tes
relations existing.

6.3. Standard or Non-Standard

What makeBCs (andBG, —Tef relation) of this study standard? What makes
BCs of Cassagrande and VandenBerg (2018), Cox (2020), Aededg2018), and
Mamajek’s personal onlinBC Table accessible on the interhebn-standard?

In the first look, IAU 2015 GAR B2 was issued only for solvingettong-
lasting problem of arbitrariness attributed to the zerampof bolometric magni-
tudes. However, the arbitrariness of the bolometric mageitscale is not inde-

*www.pas.rochester.edw/emamajek/EEM _dwarf _UBVIJHK _colors_ Teff.txt
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pendent of the arbitrariness of tlB scale according to Eq.(3). Articles such as
Cassagrande and VandenBerg (2018), Anétaa. (2018), which are still defend-
ing the arbitrariness of thBC scale, cause confusion.

Eker et al. (2021a) have shown that fixing the zero point of the boloroetri
magnitude scale also fixes the zero point of the bolometnicection scale. To
avoid BC determinations with different zero points, Eletial. (2021a) have defined
the concept of standarBC. The standardBC is not only for theV-band, the
definition covers all bands of all photometric systems. Ekail.(2021b) explained
how to recognize non-standaB{ values.

Briefly, using Eq.(9) with a definit&,,; makes the computei,, unigque.
Since stellar absolute magnitudes at well-defined passtEna@rious photometric
systems are also unique (absolute magnitude of a star cahamettwo or more
values for a specified band), the product of Eq.(3) was defasatie standar8C
because subtracting a unique number from another uniquéernimalso unique.

The nominal value o€y = 71.197 425 .. corresponds to the nominal values
of Mpoi = 4.74 mag (a rounded value, the true value is 4.739 996 ...) ang L
3.828107% W, thusCho = Mpol.c +2.5l0gL, (see IAU 2015 GAR B2, Ekegt al.
(2021ab). Consequently, using a differ&it, than the nominaCyg in EqQ.(9) or
using a non-nominal value My or L in the following equation:

Mbol = Mpol.e — 2-5|09|_L (11
©
is sufficient to make a compute®C non-standard. Moreover, BC is also not
standard if it is computed through Eq.(1) with an arbitr@py

Cassagrande and VandenBerg (2018) udggl . = 4.75 mag for the absolute
bolometric magnitude for the Sun rather than the nominale/&l,e,» = 4.74 mag
suggested by (IAU 2015 GAR B2). On the other hand, B@s of Cox (2000) are
also not standard because the nomidah - = 4.74 mag was used together with
a non-nominallL., = 3.845x 10?® W corresponding to a non-nomin@k (see
Eker et al. 2021b). Despite using the nominal valuktg . or Lpoo, the BC
values of Andraet al. (2018) are also not standard. This is because Anelraé
(2018) preferred to use Eq.(1) with an assumed arbit@aryvhen computingBC
values for the Gaia photometric passbands. A slightly difiecase seems to have
occurred on theéBC tables given by Cox (2000), who took the arbitrarinesEpf
granted. Consequently, to be consistent with the paradigmhometric corrections
must be negative” (see page 381 of Cox 2000), the zero poihed®C scale was
set to make alBCs negative. This is the second reason v values of Cox
(2000) are not standard.

Ekeret al. (2021a) have shown that the zero point constant in Eq.(1{liffes-
ent values at different filters suckt; = Cyo — C¢, whereC; is the zero point for
a passband, thus; is also not arbitrary but has a definite value. Althoughap-
pears like an integration constant in Eq.(1), actually itasan integration constant
or algebraic sum of integration constants required by nategappearing in Eq.(1).
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It is well known that definite integrals do not take constaftserefore,C, must
be a constant imposed by the absolute photometry, such as

Mg = —2.5logLg +C;. (12)

Subtracting this from EQq.(9), which is imposed by Eq.(3y¥egi Eq.(1), where the
definite integrals are for producing the surface fluxes ofthefor the bolometric:

fool = Jo fAdA and for a photometric banft = [;° S, (€) fydA. The definite inte-

grals do not take constants, but the absolute photometry. @gnd 12) requires
C2 = Cool — C{ .

Since the value o€, was unknown before |IAU 2015 GAR B2, and no tele-
scope or a detector exists to obseMsg,, it was natural to assume bo@y, and
C, arbitrary. Therefore, authors such as Cox (2000), and PesalMamajek
(2013) have excuse to assume Bf@ scale is arbitrary and then impose a personal
condition to set up a private absolute scale. Cox (2000) 806k = 0 for F2 su-
pergiants and Mamajek (2021) usB§, = —0.085 mag for a G2 main-sequence
star in his onlineBC table to set up a private zero point for tBE scale.

Similarly, Andraeet al. (2018) also set his absolute scale by takB@, . =
—0.07 mag and stating “bolometric correction needs a referpoa# to set the
absolute scale”. Setting up a private absolute scaldforas done by Mamajek
(2021) and Andraet al. (2018) is not acceptable anymore since 2015. Despite
IAU 2015 GAR B2, such private absolute scales do not meargrézimg the abso-
lute BC scale set by IAU 2015 GAR B2, or IAU 2015 GAR B2 is not understoo
properly. Therefore, anBC value which is according to a privai®C scale as im-
plied by Cassagrande and VandenBerg (2018), Cox (2000);a&md al. (2018),
Mamajek (2021) is not standard.

6.4. Color—Temperature and Temperature—Color Relations

It is a great advantage to have already calibrd€d-Te relations at various
bands of a photometric system. This way, intrinsic celetemperature relations
could automatically be set. Flower (1996) and Ekeral. (2020) had to com-
pute first observedR— V) colors of the components from the light ratia 1)
of components if they were available from light curve saot in bothB- and
V-bands. Then, intrinsi¢B —V)p colors are obtained using the reddening law
Av/E(B—V) =Ry and definition ofE(B—V) = (B—V) — (B—V)p. Finally,
after obtaining(B—V)o of components(B—V) — Tex relation is calibrated using
published component effective temperatures.

In this study, the intrinsic colors of the component sta&)l are computed
directly as the difference between the absolute magnitud&able 3. The com-
puted intrinsic colors are then plotted in Fig. 9 where sbhids represent color—
temperature relations d6gp — Grp)o—Tef, (G — Grp)o—Teff, (G — Ggp)o—Teft,

(V — G)o—Tesr, and (B—V)o—Tesr, respectively from top to bottom. At last, the
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five color vs. effective temperature relations are directly computalsi¢he dif-
ference of BC—Tei relations. For example{B —V)o—Teg relation is obtained
as BCy (Tefr) —BCs(Terr) from the functions presented in Table 5. Similarly, for
the other colors:BCs(Tefr) — BGy (Tefr) BCGBP(Teff) — BCo(Tetr), BCGRP(Teff) —
BCq(Tett) , BCorp(Teff) — BCogp(Tett) give (V —G)o Vs. &, (G—Ggp)o VS. &,
(G—Grp)o Vs. &, (Gep— Grp)o VS. &t relations, respectively.

As can be seen the solid lines (color-temperature relgtimtisw the trend
of the data quite nicely. Especially, the upper two paneBimn 9, (Ggp — Grp)o
and (G — Ggrp)o are represented very nicely by the solid lines while the meidd
panel, (G— Ggp)o, could only be considered successful for the medium hot and
cooler stars (lodest < 4.2 ). Nevertheless, a small but a clear offset between the
solid lines and data is obvious in the lowest two pan@fs;- G)o and (B—V)o, in
Fig. 9. It has been already discussed in Section 4BtzatdV data are less reliable
compared the Gaia data. Moreover, if the number of data tbwer cooler and
hotter ends in Figs. 4 and 5 are compared, the Gaia bandsrajagavely more
crowded. Being less reliable and having lower number of datapared to Gaia
bands toward both ends of the temperature scaleB@e Tt relations of theB-
andV-bands appear to be the most probable cause of the offsetrstfenlowest
two panels of Fig. 9. This is because the solid lines are hestlifferences of the
BC—Tess relations and the bias caused by the less number of datarappsaonly
effecting both ends but also changing the mean value oBtbe&alues. Thus, the
solid lines appear to be noticeably shifted causing theebfeen especially fd-
andV-bands.

Therefore, only the solid lines in the upper two panéBGgp — Grp)o and (G —
Grp)o, are found suitable to represent color—temperature oglativhich are to be
included in Table 6 where they are presented together witB@values produced
from the polynomials in Table 5 as a function of spectral syard typical effective
temperatures for main-sequence stars having metallic@98x Z < 0.040. On
the other hand, it is more practical for a user to have an &ffietemperaturess.
color relation in order to estimate the effective tempe®atf a main-sequence star
from an intrinsic color. For this, we have calibrated ineerslations only foB —V
for Johnson photometry an@gp—Ggp for Gaia photometry.

Effective temperatures of the DDEB sample of this study #oted as a func-
tion of (B—V)o and (Ggp — Grp)o in Fig. 10. Data points are the same as the
lowest and uppermost panels in Fig. 9, but the vertical amiztwatal axis are in-
terchanged and re-organized. The solid lines in Fig. 10reréemperature—color
relations which are re-predicted from intrinsic colors dEB marked in Fig. 10
unlike the color-temperature relations shown in Fig. 9 Whace obtained from
the differences oBC—Tgi relations. The temperature—color relations as polyno-
mials are given in Table 8. Fourth-degree polynomials avmdiobest to explain
(B—V) and (Ggp — Ggp) intrinsic colors of the main-sequence stars chosen from
components of the DDEB sample of this study. Coefficientseangrs associated
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Fig. 9. Intrinsic colors of DDEB components as a functionag efs, (+) for primary and (o) for
secondary. Solid lines are main-sequence cadorks relations imposed bBC—Tei; relations.
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are determined by the least-squares method and listed |le Babgether with the
ranges of their validity expressed in intrinsic colors-a&5 < (B—V)o < 1.5 and
—0.6 < (Ggp—Ggrp)o < 1.7.

Table8

Parameters of temperatwrs.intrinsic color relations

logTeft =a+bx (B—V)o+cx (B—V)3+dx (B-V)3+ex (B-V)3

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)p < 1.5 mag

logTef =a+bx (GBP — GRp)o +CX (GBP — GRP)% +d x (GBP — GRP)g +ex (GBP — GRp)é

a b c d e
404695 —0.595137 0.42341 —0.199622 0.0351755
+0.004102 +£0.007874 +0.0211 +0.0211 40.005871
rms=0.0396

valid in the range-0.6 < (Ggp — Grp)o < 1.7 mag

Except for the four stars (components of V881 Per and 2MA® 71662+
463932), which are marked with their order number in Fig., 18a intrinsic(B —

V) colors are well represented by the prediciied vs. color relation (solid line).
The Ter—color relation by Ekeet al.(2020), marked as dotted curve, and Mamajek
(2021), marked as a dashed curves, are also plotted on the figume just for
comparison. Itis clear in Fig. 10a that the solid line (thigdy) is more successful

in representing data than the dotted and the dashed curitasugh both the dotted
and the dashed curves are drawn to represent intr{isieVV) colors up to 2.00,
the reddest star§B —V)o > 0.80) are also not well represented by the dotted and
dashed curves.

Unfortunately, there are no other full-range intring@®sp — Grp) colors pub-
lished for comparing temperature—color relation predidtethis study. The main-
sequencéGgp — Grp) intrinsic colors of Mamajek (2021) cover a range of temper-
atures 2356< Terf < 10700 K, spectral types B9.5V to M9.5V ari®gp — Grp)
from —1.2 to 4.86. The full range ofGgp — Grp) data is represented better by the
Tesr—color relation of this study. The dashed curve (Mamajek 2@@&s not reach
the hottest stars. Agreement between solid and dashedscineniddle tempera-
tures are clear. The coolest stars are again better repeddanT.;—colorrelation
of this study than the dashed curve of (Mamajek 2021).

Intrinsic colors as a function of spectral types and effectemperatures com-
puted according to the twds—color relations shown in Fig. 10 and listed in Ta-
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Fig. 10. Tesi—(B—V)o (a) and Teii— (Ggp — Grp)o (b) relations. The best-fitting models (Table 8)
are shown by solid lines where the dotted curve (deftypane) is from Ekeret al.(2020) and dashed
curves inboth panelsare from Mamajek (2021).

ble 8 are also included in Table 6 . Now, it is important to cetihat Table 6 has
four columns with three intrinsic colors, first twgG — Grp)o and (Ggp — Grp)o,

of them (columns 8 and 9) are produced by subtracting thegprB@ columns
in the same table as described before, that is directly fleeBC— T relations
listed in Table 5 and the last tw@@gp — Grp)o and (B—V)p) of them (columns
10 and 11) are produced from tAgs—color relations listed in Table 8, which are
produced directly from the intrinsic colors of DDEB stars.

Having the same intrinsic colofGgp — Ggrp)o, produced by the two different
methods described above is good for fine testing of the newadeatn producing
intrinsic colors since in the first approximation the thneginsic colors,(B—V)o,

(V —G)o, and (G — Ggp)o, produced by the new method were already eliminated
by eye inspections in Fig. 9. Eliminations of these intrinsblors indicate that
BC—Tes relation in Table 5 are not sufficiently accurate enough awpce intrin-

sic colors while they are shown reliable for estimating ¢eof them is used) a
standardL and improving its accuracy (if multiples of them are usedji@ason-
strated in Fig. 8.

The mean difference between the two columns in Table 6 gitnegsame in-
trinsic color, (Ggp— Grp)o, produced by the different methods (columns 9 and 10)
could be used as a parameter to indicate reliability of thve method with respect
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to the classical method. The existing numbers in Table &atdia 0.06 mag differ-
ence for this study. Minimizing this value in a future studyuid definitely indicate
a noticeable improvement of the new method for produciniglol intrinsic col-
ors from BC—Teg relations. Not only the intrinsic colors, but also the poted
standardL would be improved becaudeC—Tgi; relations themselves would also
be improved automatically. An ideal case is that both medlraré producing the
same numbers, that is the mean difference between the twmaoslproducing the
same color should be zero or negligible. For that we enceufiatyre researchers
not only to increase the number of filters, photometric systand the number of
DDEB stars to be used (especially toward both ends of the deayre scale) in
their study but also to find a method for homogenizing theesyst brightness’ or
set up an observing program to obtain consistent total brags of systems for
inconsistent bands to improve their consistency — like Garads.

6.5. Reddening Law and Color—Color Relations

It is possible to check the best value of the passband-basadpterR(E) by
modeling theA(§)—E(B—V) relation, which is given as:

- E6) -
E(B—V)=A(B)—AV). (14)

Using passband baseé¥[&) values from Table 3 and using Eq.(14), color ex-
cessvs. interstellar dimming relations for Johnson and Gaia pastbaave been
constructed and shown in Figs. 11 and 12 together with stdrdviation {ms)
from the correlation equations on each plot. The corrata@gactually in the form
f(x) = a+ bx, wherea is the constant term anbl is R(§). In all correlations,
the constant term is zero under Eq.(13). The most commordd parameter,
R(V) is found to be 312+ 0.002, which is slightly smaller than the common
average value for the solar neighborhood in the Milky W) = 3.1). For the
JohnsorB filter, this relation is predicted &(B) = 4.012+-0.002 and for the Gaia
passbands, they are foundR&) = 2.872+0.013, R(Ggp) = 3.494+0.009 and
R(Grp) = 1.885+0.001. Itis worth noting that the errors of the paramet& ()
are found to be relatively smalk{0.1 per cent forA(V) andA(B)—E(B—V) rela-
tions, < 0.7 per cent forA(G), A(Ggp) andA(Grp)—E(B—V) relations). The ac-
curacy of the correlation parameter is relatively bettertiie interstellar dimming
in Gaia passbands versus Gaia color excess excepA(fogp)—E(Ggp — Grp)
which is~ 0.8 per cent.

Other useful relations used in photometry are the colostcdiagrams and
color excess relations between colors based on certaiopiedtic systems. Color
excess relations between different colors may show thetitireof interstellar ex-
tinction on the diagram. Having this information on the eetmlor diagrams per-
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Fig. 11. Correlation of interstellar dimmin@;) with E(B—V) color excess in Johnson and Gaia
passbands.
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Fig. 12. Correlation of interstellar dimming;) with E(Ggp — Grp) color excess in Gaia pass-

bands.

mits users to define unreddened colors of stars by tracink thacextinction di-
rection up to the intersecting point on the line of unreddemain-sequence stars.

Fig. 13 shows color—color and color excesscolor excess diagrams for the
nearby main-sequence stars as predicted from the DDEB sawhis study for
various Gaia passbands. Fig. 13a compdfgs- Ggp)—(Ggp — Ggrp) relation of
this study to the one given by Arenetial.(2018). A very good agreement between
them is very clear. Nevertheless, the color—color curvesEaia passbands of
main-sequence stars are almost parallel to the directiantefstellar reddening
which creates difficulties in the determination of unredsitnolors by going back
along the reddening direction. Among the color—color ret& in Fig. 13,(G —
Grp)—(Ggp— G) (panel c) seem to be more suitable for searching intrindmrso
toward cooler stars since the reddest part is un-paraltbetoeddening direction.

The ratio of color excess & (G — Ggp)/E(Ggp— Ggrp), E(G—Ggrp)/E(CGgp—
Grp) and E(G — Ggp)/E(Ggp — Grp) in panels d, e and f of Fig. 13 gives the di-
rection of extinction in the color—color diagrams shown anpls a, b and c, re-
spectively. The solid lines shown with red color are the ligsto all data while
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Fig. 13. Color—colorleft panel3 and color excesss. color excess relationsight paneld in Gaia-
bands for nearby main-sequence stars. Equationsmagdalues in the right panel refer to the solid
lines. Dashed lines below each panel in the left ased&viations while the dashed lines on the right
indicate the borders of the most extreme values.

the dashed lines represent the borders of the data. Thederboefer to the limits.
Since a unique reddening direction in a color—color diagi@mall stars in our sam-
ple is not expected, it is normal to see a certain intervahefreddening direction
values in different Gaia EDR3 passbands. The slope of the lsods refers to the
average value for the relevant color excess ratio definiaglitection of reddening
in color—color diagrams. The slope of the dashed lines otmhgtween-0.31
and—0.68, 0.44 and 2.2, and 0.31 and 0.69 E{iG — Ggp) /E(Ggp — Grp) (panel
d), E(G— Grp)/E(Ggp— Grp) (panel e) andE(G — Ggp)/E(Ggp — Gre) (panel
f) ratios, respectively. Therefore, the reddening dimtshown by an arrow in the
left panels is not unique. Direction of the arrow may chargedifferent galactic
directions.
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7. Conclusions

A simplified SED model is established for predicting comparight con-
tributions of binaries and their interstellar extinctions

e The component light contributions predicted by the simgiif6ED model in
B- andV-bands of Johnson photometry are tested by comparing B8-thed
V-band light contributions predicted from the light curvéusions of DDEB.
The simplified SED model is found very successful and rediabpredicting
component light contributions according to test in thigigtu

e 209 DDEB are found eligible to provide a binary SED model withcom-
plexities (third light or any excess flux) which may spoil t8&D of the
binary. Then, using component contributions, which arelpoed from the
simplified SED model, empirical standaBCs are produced by a method
described by Ekeet al. (2020).

e The empirical standarBC values are used in calibrating empirical standard
BC—Teg relations inB, V, G, Ggp- and Grp-bands. The most accurate
BC—Tes relation ever discussed is produced and presented.

e Empirical standardC—Tes relations of five passbands are used for predict-
ing standard stellat. They are compared to tHe calculated from the ob-
servedR andTes. If a standard. is predicted from a singlBC—Tgi relation
of a given band, propagated errors indicate that it cannahdwe= accurate
than about 10 cent. Accuracy of the predicteihcreases by increasing the
number of BC—Teg relations at various passbands. A standardith an
uncertainty as low as one per cent (peaka.5 per cent), is possible.

e Multiband BC—Tes relations are shown to be practical to obtain intrinsic
color-temperature relations. Intrinsic coks. temperature relations could
be produced directly from differences BC—Tes relations.

e Inverse color—temperature relations involvifl§ —V)o and (Ggp — Grp)o
are produced, useful if one wants to calculate effectiveomature of a main-
sequence star from itd88 —V)o and (Ggp — Grp)o.

e Reddening laws, color—color and color excesscolor excess relations in-
volving JohnsorB, V and Gaia passbands covering all spectral classes of the
main-sequence from the DDEB sample of this study are predent
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