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Is the additional increase of star luminosity due to partial mixing real?
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Abstract The partial mixing of matter between the radiative envelope and convective core in an early B-
type star produces an additional increase of star luminosity during main sequence evolution. High quality
data on stellar mass and luminosity defined from studies of detached double-lined eclipsing binaries are
used to check the existence of such additional increase. It is shown that the additional luminosity increase
does not contradict observed high quality data, if the intensity of partial mixing is restricted by the observed

increase in surface helium content.
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1 INTRODUCTION

One of the observed properties of single early B-type main
sequence stars is an increase in surface helium abundance
with stellar age. According to Lyubimkov et al. (2004),
the change in number density ratio, Ny./Nu, reaches
(26 £ 10)% in the surfaces of stars with masses 4 <
M /Mg, < 12 by the end of main sequence evolution. Here
Ny and Ny are the number densities of hydrogen and he-
lium respectively. In stars with masses 12 < M /Mg < 19
this change may be as large as 67%. According to Huang
& Gies (2006b), such change among stars with masses
8 < M/Mg < 16 is (23+13)%. The helium enrichment
process acts more strongly in faster rotators (Huang & Gies
2006b). The increase in surface helium abundance among
binary star components may be greater than among sin-
gle stars, as much as twice (Lyubimkov et al. 1995, 1996,
1997; Tarasov et al. 1995).

The partial mixing of matter between the convective
core and the radiative envelope in a rotating star may
be a possible mechanism for surface helium enrichment
(Staritsin 2014a,b, 2017a,b). A rotating star is the site of
hydrodynamic processes of transport such as meridional
circulation and shear turbulence. In the case of moderately
rapid rotation, the intensity of shear turbulence is enough
to remove some amount of hydrogen from the radiative
envelope to the layer with variable chemical composition.
Semi-convective mixing begins to operate in that layer as a

result of the hydrogen content increase, so hydrogen flows
from the radiative envelope through the semi-convective
zone to the convective core. Helium flows in the oppo-
site direction. As a consequence, some amount of helium
is removed from the convective core to the radiative en-
velope. The result is that the surface helium content in-
creases. Another consequence is that some amount of hy-
drogen is removed from the radiative envelope to the con-
vective core. This leads to both the synthesis of an addi-
tional amount of helium and an additional increase of star
luminosity during the main sequence evolution (Fig. 1).
Partial mixing of material in the star’s interior may influ-
ence the mass-luminosity relation of main sequence stars.
Such influence is stronger for faster rotators. In this paper,
we compare the theoretical mass-luminosity relation with
the observational one. To produce the observational rela-
tion, we use high quality data on stellar masses and radii
defined for detached double-lined eclipsing binaries.

2 EMPIRICAL MASS-LUMINOSITY RELATION

In order to get the empirical mass-radius and mass-
luminosity relations, a subset of close binary components
with masses 7 < M /M, < 23 was selected from the cata-
log of absolute elements collected by Malkov (2007). The
data on mass, radius and luminosity of components com-
piled in that catalog are based on research about detached
double-lined eclipsing binaries. There are 27 components
with masses from this specific interval for mass in the cata-



322

3.9

3.7

log(L/L,)

3.5

3.3 1 1 1 1

ttys

Fig.1 The luminosity of a star with mass 8 M as a function of
the relative age ¢/twms for the initial equatorial rotational veloci-
ties (Vo)o = 250 km s~ (solid line), 200 kms ™" (dashed line),
150km s~ (dot-dashed line) and 100 km s~! (dotted line). The
data are taken from Staritsin (2017a).

log. Mass-radius and mass-luminosity relations are defined
by a least-squares method (Afifi & Azen 1979) as follows:

lg R = (0.08 £ 0.10) + (0.64 £ 0.09)1g M , (1)
lgL = (0.94+0.18) + (3.01+0.17)IgM ,  (2)

where radius IR, luminosity L and mass M are in solar
units. The standard deviations are 0.07 for lg R and 0.11
forlg L.

3 THEORETICAL MASS-LUMINOSITY
RELATION

3.1 Spin Rotation of Binary Components

The spin velocity of the binary components taken from the
collected subset lies between 20kms~! and 180kms~1.
The mean value of spin velocity for that subset of com-
ponents is equal to 118kms~!. The single stars lying in
the same mass interval, for which helium enhancement
was observed, show a mean value of rotational velocity
of 174kms™! near zero age main sequence (ZAMS) and
of 134kms~! near terminal age main sequence (TAMS)
(Huang & Gies 2006a). So, the subset of binary compo-
nents is characterized by slower rotation.

3.2 Mixing Processes in the Interiors of Binary
Components

As in the case of a single star, the spin rotation of the bi-
nary star component is the reason for meridional circu-
lation and shear turbulence. However, these mixing pro-
cesses are not too active because of the lower velocity of
spin rotation in the binary component. Apart from the ro-
tational disturbance, the binary components are influenced

E. I. Staritsin: Additional Increase of the Star Luminosity

by mutual tidal interaction. This tidal interaction may give
rise to both thermally (Tassoul & Tassoul 1982) and me-
chanically (Tassoul 1987; Tassoul & Tassoul 1990) driven
circulation. The powers of mixing processes generated by
the rotational disturbance and tidal interaction are charac-
terized by centrifugal acceleration and tidal acceleration
respectively. The ratio of centrifugal acceleration for the
component aspiy, to the tidal one agiqal

Qspin _ M + Mgec (Porb )2 3)

Qtidal 2Mscc Pspin

does not differ much from unity in a binary system com-
posed of stars with approximately equal mass in the case
of synchronization of spin and orbital rotation. Here M
and P, are mass of the component and period of its spin
rotation respectively, Msq. is the mass of the second star
and P, is orbital period of the binary system. The tidal
interaction may enlarge the intensity of partial mixing in
the interiors of binary components as much as twice. The
slowly rotating component of a binary star may be mixed
as much as a single star in the case of moderately rapid
rotation.

3.3 Evolution of Binary Components with Partial
Mixing

Mixing induced by spin rotation may be reduced to a one-
dimensional problem (Zahn 1992). This is not the case
for tidally induced mixing. The hydrogen burning stage of
binary components with masses of 6 My, 8 M, 12 Mg,
16 Mg, 20 M, and 24 M, was calculated using the para-
metrical description of partial mixing of matter between
the convective core and the radiative envelope of the star
(Staritsin 2018). The change in number density ratio by the
end of main sequence evolution, A(Ny./Ny), was cho-
sen as a parameter. The possible values of that parameter
are restricted by the observed increase in surface helium
content (Huang & Gies 2006b; Lyubimkov et al. 1995,
1996, 1997, 2004; Tarasov et al. 1995). The usual over-
shooting parameter o was applied to determine the posi-
tion of the convective core boundary. This parameter is re-
stricted by the observed main sequence width of open clus-
ters (Schaller et al. 1992; Meynet et al. 1993). Five variants
of stellar evolution were calculated: (A(Nye/Nu), ) =
{(0%,0.05), (40%, 0.05), (80%, 0.05), (0%, 0.15),

(0%, 0.25)}. These calculated variants of stellar evolution
encompass the helium enlargement of radiative envelopes
produced by the hydrodynamic calculation of single star
evolution (Staritsin 2017a).
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Fig.2 The evolutionary tracks for the stars with masses 6, 12
and 24 My for the variants (A(Nue/Nu), o) = (0,0.05)
(solid lines), (40%, 0.05) (dashed lines) and (0, 0.15) (dot-dashed
lines). ZAMS and TAMSs are also shown (dotted lines). Filled
circles represent primary components and open circles corre-
spond to secondary components. The data on tracks are taken
from Staritsin (2018). The data on component elements are taken
from Malkov (2007).

3.4 Mean Relative Age of the Subset of Binary
Components

Some evolutionary sequences and all binary components
taken from the selected subset are shown on Figure 2. It is
obvious that the stars staying in the late stage of hydrogen
burning are absent in the selected subset of binary com-
ponents. For each calculated variant of stellar evolution,
we determine the relative age ¢/t\s of each binary com-
ponent using its mass and radius. Here ¢ is the age of the
component and ¢y;g is its lifetime on the hydrogen burning
stage. Then we calculate the mean value of relative age for
the subset of components for each variant of stellar evolu-
tion. The mean values of relative age are 0.40, 0.43, 0.47,
0.38 and 0.37 for considered variants of stellar evolution
respectively.

The theoretical mass-radius and mass-luminosity rela-
tions are built for the mean relative age of the subset of
binary components (Fig. 3). For each evolutionary track,
the mean values of luminosity and radius are determined
according to the formula

10
g8=> wlgs , )
j=1

where { = L and £ = R respectively. 1g¢; is the mean
value calculated using evolutionary sequences over the in-
terval

0.1(j — 1) < t/tms < 0.15 . (5)

w; is the relative number of components satisfying the
interval in Equation (5). Due to the method applied, the
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theoretical mass-radius relations for different variants of
evolution do not differ much from the observed relation,
Equation (1), and from each other (Staritsin 2018).

4 DISCUSSION

The theoretical mass-luminosity relation is influenced by
the partial mixing of matter between the radiative enve-
lope and convective core of a star (Fig. 3a). The devia-
tion of the theoretical mass-luminosity relations from the
observed relation is no more than one standard deviation.
This is because both the number of binary star components
with known absolute elements is not too many and the
mean value of relative age of those components is not too
much. The additional luminosity increase of stellar mod-
els produced by the evolution with partial mixing of matter
between the radiative envelope and the convective core of
the star does not contradict the observed high quality data.

The theoretical mass-luminosity relation is practically
not influenced by the additional mixing at the convective
core boundary (Fig. 3b). This is because the additional lu-
minosity increase gained by a star by the mean relative age
of a subset of components depends only moderately on
the overshooting parameter . The overshooting parame-
ter should be determined using the observed width of the
main sequence based on data on absolute elements of bi-
nary components (Popova & Tutukov 1990).

5 CONCLUSIONS

The partial mixing of matter between the radiative enve-
lope and the convective core of a single star, introduced
in Staritsin (2014a,b, 2017a,b) to explain the observed in-
crease in surface helium content in main sequence early
type B—stars, gives rise to an additional luminosity increase
during the hydrogen burning stage. The additional lumi-
nosity increase grows with evolution of the star, and it is
larger among rapid rotators. The components of binary sys-
tems with known absolute elements are characterized by
lower spin rotation. However, there are additional mixing
processes in the interiors of components produced by tidal
interaction. Such additional mixing processes may enlarge
the intensity of partial mixing in the binary star compo-
nents. The mean age of the components with known ab-
solute elements is approximately equal to half of the main
sequence lifetime. The additional luminosity increase pro-
duced that time does not contradict the observed luminos-
ity of binary components. This conclusion does not de-
pend on core overshooting, if the overshooting parame-
ter is restricted by the observed main sequence width of
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Fig.3 The mass-luminosity relation for the variants (a) (A(Nue/Nu), o) = (0, 0.05) (solid line), (40%, 0.05) (dashed line) and (80%,
0.05) (dot-dashed line), (b) (0, 0.05) (solid line) and (0, 0.25) (dot-dashed line). Filled symbols represent primary components and open
symbols correspond to secondary components. Observed error bars are shown in cases when the error bar exceeds the size of a symbol.
Triangles signify cases when the error bar is unknown. Upper and lower standard deviations from empirical relation Eq. (2) are shown
by dotted lines. The data on component elements are taken from Malkov (2007).

open clusters. The largest additional increase of luminos-
ity is produced at the end of main sequence evolution.
Unfortunately, the subset of components with known ab-
solute elements does not contain any information about the
last stage of core hydrogen burning.

Acknowledgements This work was supported in part by
the Ministry of Education and Science (the basic part of the
State assignment, RK No. AAAA-A17-117030310283-7)
and by Act No. 211 of the Government of the Russian
Federation, agreement No. 02.A03.21.0006.

References

Afifi, A. A., & Azen, S. P. 1979, Statistical Analysis: A Computer
Oriented Approach (2nd edn., Academic Press)

Huang, W., & Gies, D. R. 2006a, ApJ, 648, 580

Huang, W., & Gies, D. R. 2006b, ApJ, 648, 591

Lyubimkov, L. S., Rachkovskaya, T. M., Rostopchin, S. L., &
Tarasov, A. E. 1995, Astronomy Reports, 39, 186

Lyubimkov, L. S., Rachkovskaya, T. M., Rostopchin, S. L., &
Tarasov, A. E. 1996, Astronomy Reports, 40, 46

Lyubimkov, L. S., Rachkovskaya, T. M., Rostopchin, S. L., &
Tarasov, A. E. 1997, Astronomy Reports, 41, 630

Lyubimkov, L. S., Rostopchin, S. L., & Lambert, D. L. 2004,
MNRAS, 351, 745

Malkov, O. Y. 2007, MNRAS, 382, 1073

Meynet, G., Mermilliod, J.-C., & Maeder, A. 1993, A&AS, 98,
477

Popova, E. I., & Tutukov, A. V. 1990, Soviet Ast., 34, 215

Schaller, G., Schaerer, D., Meynet, G., & Maeder, A. 1992,
A&AS, 96, 269

Staritsin, E. I. 2014a, Astronomy Reports, 58, 808

Staritsin, E. 2014b, in Putting A Stars into Context: Evolution,
Environment, and Related Stars, eds. G. Mathys, E. R. Griffin,
0. Kochukhov, R. Monier, & G. M. Wahlgren, 239

Staritsin, E. I. 2017a, Astronomy Reports, 61, 450

Staritsin, E. 2017b, in Astronomical Society of the Pacific
Conference Series, 510, Stars: From Collapse to Collapse, eds.
Y. Y. Balega, D. O. Kudryavtsev, 1. I. Romanyuk, & 1. A.
Yakunin, 145

Staritsin, E. I. 2018, Astrophysics, 61, 206

Tarasov, A. E., Harmanec, P., Horn, J., et al. 1995, A&AS, 110,
59

Tassoul, J.-L. 1987, ApJ, 322, 856

Tassoul, J.-L., & Tassoul, M. 1982, ApJ, 261, 265

Tassoul, J.-L., & Tassoul, M. 1990, ApJ, 359, 155

Zahn, J.-P. 1992, A&A, 265, 115



