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ABSTRACT

Thanks to the space missions Gaia, Kepler, CoRoT and TESS, we can obtain and con-

front distance from the parallax with asteroseismic distance (dprs2). We show that there is a
relationship between radius from asteroseismic scaling relation ([s5) and non-asteroseismic
measurements (Rprz) for main-sequence (MS) and sub-giant (SG) stars: Rpra/Re =
(1.052 £ 0.010)(Ryis/Rr))0-935£0-006  We extend our studies to the red-giant (RG) stars
in APOKASC?2 catalog and RGs in eclipsing binaries. We confirm very similar relations be-
tween Rpro and Ry for RGs. The modified R makes dgs in very good agreement with
dpro. From the ratio \/ (Rpra/Rsis)?/(Mpra/Mss) we obtain an expression for the cor-
rected relation (fa,) between the mean large separation and mean density. This expression
for MS and SG stars is very close to the one obtained from interior MS models by Yildiz
et al. (2016). For the coolest RGs, we derive a new expression for fa,. According to our
findings, mass and radius of 1323 RGs range about 0.9-1.5 M) and 4.2-48 R, respectively.
Other very important effects for the source of the difference between asteroseismic and non-
asteroseismic stellar parameters may be due to uncertainty in effective temperature (7.g) and
parallax offset. We can modify T,g in order to make Rss and Rpreo equal, because the de-
pendencies of Rgs and Rpro on Teg are completely different. For 1160 stars of 1323 RGs,
the difference between 1. from APOKASC?2 and modified T4 is less than 200 K. We find
relation between scaling parameters and parallax offset and also show that the offsets derived
for RG stars and stars around MS and SG phases are very different.

Key words: stars: distance — stars: evolution — stars: fundamental parameters — stars: interiors
— stars: late-type — stars: oscillations.

1 INTRODUCTION

Determination of stellar properties is very important for our un-
derstanding of astronomical structures from planets to galaxies.
Thanks to the Kepler (Borucki et al. 2010), CoRoT (Baglin et al.
2006) and TESS (Sullivan et al. 2015) space telescopes, asteroseis-
mic scaling relations are very useful to estimate fundamental stellar
parameters. One of the essential data that we require in discover-
ing fundamental stellar properties or to check the relations between
these properties is the distance of stars to us. We have already com-
pared asteroseismic distances (dsis) derived from the so-called as-
teroseismic scaling relations with the Gaia (Gaia Collaboration et
al. 2016) distances (dpr1) from DR1 (Yildiz et al. 2017). There
was a good agreement between them for the 64 stars, the differ-
ence was less than 10 per cent. In the present study, we compare
dsis and the recent Gaia distances (dprz; DR2, Gaia Collaboration
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et al. 2018) and try to improve asteroseismic relations, using data
of solar-like oscillating stars in eclipsing binaries (EB; Gaulme et
al. 2016) and red-giants (RGs) in APOKASC?2 (Pinsonneault et al.
2018). The total number of analyzed stars is about 1800. We also
discuss parallax zero-point offset with and without improved scal-
ing relations.

For computation of asteroseismic distance of a star, the most
important outcome of asteroseismology is the scaling relation for
radius (Rsis), which relate radius to so-called large separation be-
tween oscillation frequencies ((Av)), frequency of maximum am-
plitude (vmax) and effective temperature (7eg). Then using R and
spectroscopic Tug, one can obtain luminosity and hence distance
of the star. If we have highly precise parallaxes, the comparison of
dsis and dpr2 will enlighten how the asteroseismic relation for R is
admissible and how spectroscopic measurement of T, is success-
ful. For computation of stellar mass from dprz, the surface gravity
of stars (log g) should also be very precisely determined.

It is well known that sound speed is a function of compress-
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ibility (I'1), in addition to temperature. In deriving scaling relations
between asteroseismic and non-asteroseismic quantities, compress-
ibility at the stellar surfaces (I'is) is taken as a constant. However,
Yildiz et al. (2016) have shown that I';5 is not constant at the stellar
surfaces and modified the expressions for vmax and Av as func-
tions of I'is. They also obtain how compressibility depends on Teq
for main-sequence (MS) stars. A similar modification of scaling re-
lation should be done over mean molecular weight for hot stars and
in particular for red-giants, in which molecular formation might be
significant in the surface regions.

De Ridder et al. (2016) found excellent agreement between
dsis and dpr1 for 22 dwarfs and sub-giant solar-like oscillators.
They also confirm that dpr1 is more uncertain than ds;s for a sam-
ple of 938 red giant solar-like oscillators (dsis > 300 pc), more
distant than the pulsating dwarfs (dsis < 250 pc). Davies et al.
(2017) compare the Gaia DR1 distances with dgis of red clump
stars and the distances obtained using luminosities determined by
eclipsing binaries. They find that dsis is in better agreement with
the RC distance estimators than the DR1 distances. They propose
a correction to dpr1 as a function of distances > 500 pc for the
Kepler field-of-view. Huber et al. (2017) compare of parallaxes and
radii from asteroseismology and Gaia DR1 for 2200 Kepler stars
spanning from the main sequence to the red giant branch. They find
no significant offset for main-sequence and low-luminosity RGs.

Stassun and Torres (2018) found empirical distances of eclips-
ing binaries and compared the distances from the Gaia DR2 paral-
laxes. They found that a systematic offset of -82 £ 33 pas, in the
sense that the Gaia parallaxes being too small. A similar offset (52.8
+ 2.4 pas) is identified by Zinn et al. (2018) for the RGs from the
APOKASC?2 catalogue. Kallinger et al. (2018) and Sahlholdt et al.
(2018) try to revise conventional asteroseismic scaling relations in
order to obtain consistency between dsis and dpr2. We show how
parallax zero-point offset and improvements in scaling relations are
interrelated (see section 5)

This paper is organized as follows: Section 2 presents DR2
distances and other observational data for about 1800 stars, and
compares DR1 and DR2 distances of 74 stars. In section 3, we
briefly explain the method for the computation of asteroseismic
distance. Section 4 is devoted to the results and their comparison.
Parallax offset issue is considered in section 5. Finally, in Section
6, our conclusions are drawn.

2 Gaia DISTANCES - COMPARISON OF DR1 AND DR2
DATA

We have studied 89 solar-like oscillating stars in Yildiz et al. (2016,
2019). Parallaxes of 74 of these stars are available in DR1. Their
dsis and dpr1 are already compared in Yildiz et al. (2017). Their
distances range 21-433 pc.

dpra of 74 solar-like oscillating stars is plotted with respect
to dpri in Fig.1, with their uncertainties. The difference between
dpr2 and dpr is less than 4 per cent for 54 stars and greater than
10 per cent for 7 stars. The systematic difference is about 2.4 per
cent. The greatest differences occur for KIC 8379927/HIP 97321
and KIC 1435467. The difference between their dpr1 and dpra
are 27 and 30 per cent, respectively. For five stars, namely, KIC
4914923/HIP 94734, KIC 6933899, KIC 12317678/HIP 97316,
KIC 12508433 and HD 181907/HIP 95222, the difference between
the distances is about 9-13 per cent.

We notice that dprs is much more precise than dpr1. In Fig.
2, uncertainty in dpre (Adprz) is plotted with respect to uncer-
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Figure 1. dpro of 74 stars is plotted with respect to dpr1 in units of pc.
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Figure 2. Adpg of 74 stars is plotted with respect to Adpro in units of
pc. The solid line is the fitted line of 11.7z. This implies that dpgrz2 is about
12 times more precise than dpgrj .

tainty in dpri (Adpri) - The solid line is the fitted line of 11.7x.
The implication is that Adprz is about one twelfth of Adpr.

In addition to the 74 stars, parallaxes of five more solar-like
oscillating stars studied in Yildiz et al. (2016) are available in
DR2. These stars are KIC 8219268, KIC 11026764, HD 43587/HIP
29860, HD 146233/HIP 79672 and HD 203608/HIP 105858. The
latter three stars are relatively very close to the Sun, the closest stars
among the 79 stars. Their distances are 19.30, 14.13 and 9.27 pc, re-
spectively. Their solar-like oscillations were detected from CoRoT
light curve. KIC 8219268 and KIC 11026764 were among the Ke-
pler targets. The dpra of KIC 11026764 is 156.89 pc, while KIC
8219268 is 1345 pc apart and the farthest of the 79 stars. It is a red
giant and its radius is about 6.7 R).

The analysis of 79 stars leads us to extend this study to in-
clude red giants. In addition to the solar-like oscillating red giants
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in eclipsing binaries, we also consider 909 RGs from APOKASC2
for which the Gaia DR2 parallax and V' are available. Their dis-
tance range 200-11250 pc. While most of the 909 RGs have a dpr2
less than 4000 pc, there are only 10 giants with dpr2 > 6000 pc.
V' of these RGs are taken from the SIMBAD database, compiled
from different sources. For more uniform data, we also use G of
the RGs from the Gaia database. The number of stars for which
the interstellar extinction A, is available and are also shown in
APOKASC?2 is 1323. For these stars, effective temperature (1)
and R are also available in the Gaia database. This is a very good
occasion to compare our computations with Gaia results for radius.
We can also assess which of Gaia and APOKASC2 T.gs (T'a) are
more convenient for the agreement between dsis and dpra.

Using the distance of stars and V/, we can compute absolute
magnitude and then their luminosity. For the computation of lu-
minosity, BC' is derived by interpolating between the colour-T.g
tables of Lejeune, Cuisinier & Buser (1998) or MIST (Choi et al.
2016). Since we have the Te.g of stars from their spectroscopic ob-
servations (7%s), the radius of stars (Rpr2) can be obtained from
L = 4nR}p,To. Using either spectroscopic (log gs) or astero-
seismic (log gsis) gravity, stellar mass can also be utilized. For a re-
liable stellar mass, in addition to distance with a small uncertainty,
a very precise log g value is required.

3 ASTEROSEISMIC DISTANCES, MASSES AND RADII

dsis and distance uncertainty (Adsis) of the solar-like oscillating
stars are computed as in Yildiz et al. (2017). In short, in order to
compute distance modulus from absolute magnitude, we must first
obtain luminosity. The luminosity of these stars is computed us-
ing Teg and Rgis. In addition to these quantities, visual magnitude
V (or G), metallicity ([F'e/H]) and bolometric correction BC' are
required for computation of dsis of a star. We use both the con-
ventional and modified (equations 9 and 10 in Yildiz et al. 2016,
respectively) asteroseismic scaling relations to obtain the mass and
radius of the stars.

The scaling relations for M and R are based on two expres-
sions for Av and Vmax.

(Br) ) "

1/2
(Avg) (pe)
where fa, may either represent physical condition difference be-
tween the stellar and solar surfaces which are effective on (Av)
or evaluates how valid is our assumptions behind the procedure in
derivation of the scaling relations. Similarly,

9/90
(Terr/Terno)V/? "

fvma, may have the same physical meaning as fa,. The conven-
tional scaling relations assume f, .. and fa, unity. For the solar-
like oscillating MS stars, this can be a good approach. The struc-
ture of evolved stars is however significantly different from the
solar structure. In this case, Rsis, which is used in computation
of dsis and proportional t0 Vmay/ (Ar)?, must be multiplied by
FR0/ foma - For My, the factor is fA,/fo . Most of the stars in
the APOKASC?2 catalog are evolved RG stars. Their high bright-
ness allows detection of their solar-like oscillations by the Kepler
and CoRoT telescopes, despite their wide spread in Galactic Disk.
Therefore, any improvement in scaling relations for these stars will
be a substantial advancement not only in stellar astrophysics but
also in our understanding of chemical evolution and dynamics of

@
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Figure 3. dg;s of 79 stars is plotted with respect to dpgre in units of pc. 5
stars for which DR1 data is not available are represented by circle.

Galactic Disk. f,.. is related to f, introduced by Yildiz et al.
(2016) as

1/2
,LLSFIS ) (3)

Jomax = fv (
l’[’S@FlS@

where s is the mean molecular weight at the stellar surface.
The solar values of <Ay®> and Vmax(s) are taken as 136 and
3050 pHz, respectively.

4 RESULTS AND DISCUSSIONS
4.1 Comparison of distances of 79 stars

dsis 18 plotted with respect to dpre in Fig. 3 for 74 stars studied
in Yildiz al. (2017) and 5 stars for which only dpr2 is available.
There is in general a very good agreement between dgis and dpr2
of 79 stars. The most striking feature of Fig. 1 is to see how success-
ful both asteroseismic and astrometric methods in determination of
distance of a star at 1345 pc (KIC 8219268). The seven stars for
which the great differences occur between dpr2 and dpr1 (section
2) are listed in Table 1. For five of them, their dpr2 are in better
agreement with their dsis than dpr, in particular for KIC 1435467,
KIC 4914923 and KIC 6933899. For two of the seven stars, how-
ever, dpri is in better agreement with dg;s rather than dpr2. For
HD 181907, dsis and dpr1 are very close to each other.

The fractional difference between dpr2 and dgis is plotted
with respect to log dpr2 in Fig. 4. The systematic difference be-
tween these distances is about 1.6 per cent for 74 stars and 1.1 per
cent for 79 stars. In Yildiz et al. (2017), the difference between
dpri and dsis was about 5 per cent. This shows that dpgr2 is more
precise than dpri. If we compute BC' from MIST tables rather
than Lejeune et al. (1998), the systematic difference between dpr2
and ds;s for the 74 stars is just 0.3 per cent.

For 59 of the 79 stars, the difference between dpr2 and dsis
(dd) is less than 6 per cent. We notice that distance of most of the
stars with dd/d < 0.06 is less than 200 pc. The largest fractional
differences (0d/d) between dpr2 and dsis are 0.30 and -0.22 for
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Table 1. Asteroseismic distance and distances from DR1 and DR2 for the
seven stars with very different dpr; and dpro. Distances in good agree-
ment with dgis are printed in bold style. For five of the seven stars, dpr2 is 12 N
in better agreement with dg;s than dpg1.
10 F -
Star dpri(pe) dpr2(pe) dsis(pe) Rpra(Ro)
KIC 1435467 178.6 137.2 133.7 8 F —
KIC 4914923 137.5 122.4 122.7
KIC 6933899 141.9 161.7 160.1 6L i
KIC 8379927 53.3 41.9 34.6
KIC 10454113 112.5 97.6 86.9
KIC 12508433 155.2 174.4 161.1 4 + —
HD 181907 118.5 105.6 119.6
2 | a
0 ! ! ! ! ! !
0 2 4 6 8 10 12
04 ’ - Rsis(R@)
0.2+ ] —{ Figure 5. Rpra of 79 stars is plotted with respect to Rgijs in solar units.
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Figure 4. 5d/d of 79 stars is plotted with respect to log dpgra. 5 stars for
which DRI data is not available are represented by circle.

KIC 9025370 and KIC 11026764, respectively. The difference be-
tween DR1 and DR2 distances of KIC 9025370 is about 6 per cent.
KIC 9025370 has the most uncertain Vmax (Vmax = 215uHz)
among the 79 stars. The difference between the distances may arise
from this fact.

If we use the modified scaling relation for radius of stars with
I'is (equation 10 in Yildiz et al. 2016 with f,_ .. = 1), then
the systematic difference between dgis and dpr2 is about 1.8 per
cent. Although there is a slight difference between distances com-
puted from conventional and modified scaling relations, the situa-
tion changes if we compare Rsis and Rpra2 (see below).

Spectroscopic gravity (log gs) of stars is perhaps the most un-
certain parameter derived from spectroscopic observations. We pre-
pare another sample of stars for which difference between log gs
and log gsis s less than 5 per cent. 32 stars are involved in this
sample. For this sample, the systematic difference between dgis and
dpra is about 0.4 per cent, much smaller than that of 79 stars. If
|log gs — log gsis| < 0.07, the distance difference of 42 stars re-
duces to 0.1 per cent. Except 7 stars, the distance difference for all
of the stars is less than 6 per cent. The largest difference occurs
for KIC 11026764: dpr2=156.9, dpr1=184.0, dsis=191.27 pc. If
we take Vmax=860 pHz, dsis becomes 183.8 pc and in very good
agreement with dpgr.

3.5

The solid line shows the fitting curve (1.052 # 0.010)R%;935+0:006 4pq

sis

the dotted line is for Rpro = Rsis.

4.2 Comparison of radii of the 79 stars

Rpra = (L/47T%)? of the 79 stars are plotted with respect
to Rgis in Fig. 5. The radii of solar-like oscillating stars range
0.93-11.4 R The largest star is HD 181907. It is a RG and rel-
atively close to us. Its distance is 105.6 pc. Its solar-like oscilla-
tions were detected by the CoRoT telescope. For small radii, Rpr2
and Rss are in good agreement. For the large values of radii, how-
ever, the data deviate from the Rpr2 = Rsis line. The fitting
curve is found as (1.052 + ().010)(Rsis/R@)O‘gia‘r’io'ﬂo6 (here-
after, radii and masses in similar relationships are written in so-
lar units). There are apparent reasons for having doubts about if
this deviation is real, since there are only 2 stars with radius larger
than 3.5 R. And, the Rpr2 = Rsis line and the curve appar-
ently deviates after 3.5 R¢). Therefore, we obtain another curve
by subtracting the two largest stars. The new curve is found as
(1.040 + 0.017) R%,259%0-923 Two curves are very similar to each
other. However, to be sure, data of the Kepler RG stars should be
analyzed (see below).

Indeed, these curves have a problematic situation. For the Sun,
for example, we will find its radius as 1.052 R, In order to avoid
such an undesirable situation we can change the adopted values
of the solar <A1/ > and Vmax (- Their values could be Vmax@) =
3000 pHz and (Av(,)=138.5 puHz, for example. In that case, the
first curve becomes (1.0014-0.010) R 23%0-096 ‘When these solar
values are used, the systematic difference between dsis and dpr2
increases (-4.2 per cent). When we take Vmaxo= 2950 pHz and
<All@> =136.0 pHz, the systematic difference is -2.2 per cent and
the curve is 1.020R% 3%,

In computation of Rgis and Rpr2 we use the same T.g, there-
fore, dd/d = (dsis — dpr2)/dsis is equal to 0R/R = (Rsis —
Rpr2)/Rsis. The explanation is as following. For a given V' of a
star, we essentially know the ratio L/d?. For precise determina-
tion of d, we must find L. For computation of L, we have spectro-
scopically or photometrically derived 7eg and Rsis obtained from
asteroseismic scaling relations. Since we use the same 7.g in com-
putation of Rgis and Rpra, the difference between Lgis and Lpra
is due to the difference between the radii Rsis and Rpr2. In that
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Figure 6. vax of the 10 RGs in EBs is plotted with respect to paxsis-
The solid line is for the fitting line 1.052vaxsis, While the dotted line
represents Vmax = Vmaxsis-

case, L/d* o R?/d?. Since this ratio is constant for a given V/,
then dd/d is equal to R/ R.

There is a substantial difference between Rpr2 and Rgis. We
can correct the asteroseismic radius (Rcor) according to the fitted
curve from Fig. 5: Reor = 1-052RS{39 35 where radii are in solar
units (this is the case used for similar relationships between radii).
If we use Rcor in place of Rsis and recalculate ds;s, we see that
dsis and dpr2 are in better agreement. Their fractional difference is
about -0.005 (-0.5 per cent; dsis is 0.5 per cent greater than dpr2).

Although the correction in Rsis improves the agreement be-
tween dsis and dpre, Rsis deviates from Rpra for only a few stars
with large radius. This deviation can be tested using the red giant
stars in the APOKASC2 catalog and solar-like oscillating RGs in
eclipsing binaries.

4.3 Solar-like oscillating RGs in EBs and their implication
for the scaling relations

For the 10 eclipsing binaries, mass (M) and radius (R,) of the
component stars are obtained by analyzing their light curves and ra-
dial velocities (Gaulme et al. 2016). The RG components in these
binaries are solar-like oscillating stars. Their vmax and (Av) are
derived from the Kepler light curves. These stars are a good bench-
mark for testing the asteroseismic scaling relations. We can com-
pare results of our computations in the previous sections with the
asteroseismic and non-asteroseismic properties of solar-like oscil-
lating RGs in EBs.

Gaulme et al. (2016) have already confirmed discrepancies be-
tween quantities (M and R) derived from asteroseismic and non-
asteroseismic methods. We first compare the vmax and (AV).
In Fig. 6, the observed vmax is plotted with respect t0 Vmaxsis
where Vmaxsis (in units of vmax@ = 3050 uHz) is computed us-
ing equation (2) assuming f,. = 1, and g is computed from
M, and R,,. There is a small but significant difference between
Vmax and Vmaxsis. The fitting line is 1.0520maxsis. This fixes that
frmax = 1.052 for the RGs in 10 EBs.

In Fig. 7, (Av) is plotted with respect to (Avgis) in units of
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Figure 7. Av of the 10 RGs in EBs is plotted with respect to Avgis. The
solid line is for the fitting line 0.980Awv;s, while the dotted line represents
Av = Avgis.

<Ay®>. They seem in good agreement. Nevertheless, the slope of
the fitting line is 0.980. The difference, as much as 2 per cent, might
be considered as very small, however influence of such a difference
on R and M is 4 and 8 per cent, respectively. Therefore, we take
into account this discrepancy in the scaling relations.

If we consider the 79 stars and the 10 RGs together for the
relation between Rpro and Rsis, we obtain

Rprz = (1.039 + 0.013) R% 945%0-005,

4.4 Comparison of distances and radii of RGs in
APOKASC2

4.4.1 Comparison of distances of RGs using V'

V' and the DR2 parallax of 909 RGs from APOKASC?2 are avail-
able from the SIMBAD database. We compute the asteroseismic
and non-asteroseismic parameters of these stars using BC' ta-
bles of MIST. The systematic difference between dpr2 and dsis
is about 12.5 per cent, much greater than the corresponding dif-
ference for the 79 stars. In Fig. 8, Rpr2 of these stars is plot-
ted with respect to Rsis. The solid line shows the fitted curve:
Rpr2 = (1.070 £ O.O32)RS{§47¢O'010. This relationship between
the radii for this group of stars is very similar to that for 79 stars
(see section 4.2 and Fig. 5). If we use the corrected radius (and
maybe M) and recalculate Rsis, the systematic difference reduces
to 1.2 per cent.

The difference between dsis and dpre is greater than 50 per
cent for some stars. Such a big difference may be due to some un-
usual causes. For KIC 10273236, for example, the unusual differ-
ence between dsis and dpra, about 62 per cent, seems to arise from
V. If we plot the V' of stars with respect to K, there is a strict rela-
tionship between them. Some of the stars do not obey this relation.
KIC 10273236 is among these stars and its V" according to its K
must be about 12.25 rather than 10.2. If we take V" as 12.25, the dif-
ference reduces to 3 per cent. If we disregard such stars, we obtain
relationship between Rpr2 and Rsis as

Rpra = (1.029 + 0.024) R%2°7+0-008,

sis



6 M. Yildiz and S. Ortel

T
50 |- a
o
o o -0 o
40 o 8 7 .
o -0
R R "
pr2(Re) o oc;_%)q,o %o

30 N -

00 0@y 000

0@ Co 4,0

8230 o
2 - Sog @0 o i
3 o %
o s 080
0F ° -
[e]
08,%5
0 ° L ! ! ! L
0 10 20 30 40 50 60
Rsis(Ro)

Figure 8. Rpro of 909 stars is plotted with respect to Rgis in units of solar
radius. The solid line shows the fitted curve 1.070R%947, while the dotted
line is for RDR2 = Rsis-
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Figure 9. Rpro of 1323 RG stars is plotted with respect to Rgjs in solar
units. T, is taken as T'a . The thin solid line is the fitting curve: (1.028 +
0.024)R2i‘§52i0‘008‘ Also shown are the fitting curves for the 89 (thick

dotted line) and 909 RG stars (thick solid line). The thin dotted line is for
Rpra = Rsis.

4.4.2 Comparison of distances and radii of RGs using G
magnitude

V' magnitudes of stars in the SIMBAD database are compiled
from different sources with different V' band width. This may
causes some problems because BC depends on the band width
of measurements. Therefore, we also use Gaia catalog and use G
magnitudes for the computation of BC'. We find 1323 RGs from
APOKASC?2 for which G, Ay, Teg = T and R are available
from the Gaia database. In Fig. 9, the Rpr2 of these stars is plot-
ted with respect to their Rsis. For this figure, Teg is taken from
APOCASK?2. The fitting curve is derived as

Rora2 = (1.028 + 0.024) R%%2+0-008,

79 MS+SG ! o

3.5 10 RGs in EBs . |

From G—1323 RGs Ta —

From G—1323 RGs T¢

3.0 | From V— 909 RGs . |
. From V—-79 MS+SG - .
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2.0

1.5

1.0

0.5

1 ] 1 | 1 | 1 1
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Meia(Mo)

Figure 10. Mpgro of 1323 RG stars is plotted with respect to Mg in solar
units. Teg is taken as T'a. The thin solid and dotted lines are the fitting
curves for 1323 stars with T (0.925M2.59%) and Ty (0.884M3.69%),
respectively. Also shown are the fitting curves for the 79 (thick solid line)
and 909 RG stars (thick dotted line).

We also obtain another fitting curve for radius using Teg = TG.
This curve ((0.95640.023) R%;298£0-908) i5 almost the same as the
curve for Teg = Ta, despite apparent differences between factors
and powers of Rsis. Also shown are the fitting curves obtained for
the 89 (1.039R%2*° for 79 mainly MS and SG stars + 10 RGs
in EBs) and 909 RGs (1.070R%2%7). These three curves are very
similar to each other.

The dss and dprz2 of RG KIC 5395942/ Gaia DR2
2075037891998301312 are very different from each other. We
therefore neglect this star in our analysis. The problem seems to
be due to its parallax (13.09 mas).

4.5 Comparison of masses

The same gravity (gsis) and Teg are used in computation of aster-
oseismic and non-asteroseismic distance, radius and mass. There-
fore, dg is equal to zero. This implies that M /M = 20R/R =
2(Rsis — Rpr2)/ Rsis.

Mpr2 of 1323 stars with T'a is plotted with respect to Ms;s in
Fig. 10. The fitted curve is found as

Mpra = (0.925 £ 0.017) M9 ?5+0997,

For T, if we use the same power (0.698), Mpr2 = 0.884]\/[35698.
These two curves are very similar to each other in Fig. 10. Also
shown are the solar-like oscillating RGs in EBs. Their positions in
Fig. 10 share the same area with the most of the 1323 stars, except
the RG component with Ms;s about 2.5 M. For comparison, the
79 MS and SG stars are also plotted in Fig. 10. They take place
above the solar-like oscillating RGs in EBs. The fitted curves for
the 79 stars and 909 RGs are similar to each other. From Fig. 10 we
see that there are two different relations between Mpr2 and Mg;s.
One is for 1323 RGS and another one is for the 909 RGs and the
79 (MS+SG) stars. When we compare the 909 stars with the 1323
stars, there is a remarkable difference between the Teg of these two
groups of stars. While the 7¢.gs of the former group are mostly in
the range 4600-5000 K, most of the latter group members is pop-
ulated in 4500-4800 K. The difference between average Te.gs of
these two groups is 100 K. Similarly, there is a difference between

© 2019 RAS, MNRAS 000, 1-11
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Figure 11. For the 79 stars, fa, is plotted with respect to T in solar units.
The solid line is for the fitting curve obtained by excluding three stars (open
circles) in the upper part of the figure, (—1.096 £ 0.299)(Teq/Tere —
0.96)2 4 1.012 4 0.004. The dotted line shows fA,moq derived from the
interior models by Yildiz et al. (2016).

mean radii: § Rprz2 is about 1.5 R). This implies that the 909 stars
mostly occupy the lower part of the RG branch and the 1323 stars
take place in the upper part of the branch.

The number of stars with a T.g higher than 4850 K is 37
among the 1323 RGs and 179 among the 909 stars.

There are two different scaling relations for the RGs. The crit-
ical value for log g is about 2.6. The critical Teg is about 4700-
4800K. For log g=2.6-3.5,

fAy = 0.05481og g + 0.800.
For log g =2.0-2.6,
A, = —0.022010g g 4 1.002.

The average effective temperature and log g of 1323 stars are 100
K and 0.20 less than T,.g and log g of the 909 stars, respectively.
For the 909 stars,

Mpra = (1.012 £ 0.040) M9:.722+0-078

For the 89 stars,
Mpra = (1.092 £ 0.024)M0.624i04024'

sis
For the 10 EBs, if n = 0.698
Mpra = 0.929M35%.

This is identical to the curve for 1323 RGs with T'a. If we exclude
the star with M=2.15, the fitting curve is exactly the same as that of
1323 RGs with Ta: Mpro = 0.884M2:5%8.

4.6 fa, and f, . from comparison of masses and radii

In principle, we can obtain expressions for f, . and fa,
from the ratio Mpr2/Msis and Rpra/ Rsis. Assuming Mpr2 and
Rpro as exact values and using equations (9)-(10) in Yildiz et al.
(2016), we obtain f,, .. and fa, as (Rprz/Rsis)?/(Mpr2/Msis)
and \/(RDRQ/Rsis)g/(MDRQ/Msis), respectively. For MS and
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Figure 12. For the 1323 stars (dots), fa, is plotted with respect to Tg in
solar units. The thick solid line is the fitting curve for these stars: (—3.87 +
0.93)(Teqr /Tepe — 0.764 £ 0.005)2 + 0.951 % 0.002. The dotted line
shows the fitted curve for the 76 MS+SG stars (see Fig. 11). Also shown are
the RGs in 10 EBs (the filled circles).

SG stars, fa, is a function of T (or I'1s) asin Yildiz et al. (2016).
fay of the 79 stars are plotted with respect to T,g in Fig. 11. The
three stars (KIC 8379927, KIC 9025370 and KIC 11772920) rep-
resented with the circle are taking in the upper part of Fig. 11. The
fitting curve is obtained by neglecting these three stars as

far = (—=1.096 £ 0.299) (Toir / Tesiy — 0.96)% 4 1.012 + 0.004.
“

Also shown is the fa,moa obtained from the interior mod-
els by Yildiz et al. (2016) due to a variation of I'is. The differ-
ence between these two expressions for fa, is almost constant and
about 0.01. Such a small difference may be due to modelling of the
outer regions or uncertainties in any of observed quantities such
as Teg and parallax (mpr2). For V and BC' from Lejeune et al.
(1998), fa, = —1.286(Teg/Tesro — 0.96)° + 1.017.

Using this fa,, we find that f,max does not depend on
Teq and is unity for 76 stars. This implies that the classical scaling
relation for vmax 1 suitable for this group of stars.

One may use spectroscopically derived log gs in computation
of Mpro of the 79 stars, and try to obtain f,_ . . However, accu-
racy of log gs does not permit to reach a definite relationship for
Srmax- Since we employ the same log gs and Teg in computation
of Rsis and Rpra, one can not obtain an expression for f,, .. as
for fau.

Similarly, we can also derive an expression for fa, of RGs.
In Fig. 12, fa, is plotted with respect to Tos /Tefr o) for 1323 RG
stars. We notice that the most of the stars have fa, significantly
less than 1. The fitting curve is obtained as

fav = (*3.87:':0.93)(Teff/Teff@*0.764ﬂ:0.005)2+0.951i0.002.
5)
Its maximum value is 0.951. This implies that the corrections for
Rsis and M are about 10 and 20 per cent, respectively. Also
shown in Fig. 12 is the fitting curve for the relatively hot 76 MS
and SG stars. 10 solar-like oscillating RGs in EBs occur about the
transition region from one curve to another one.
In Fig. 13, Mprz2 is plotted with respect to the corrected Msis
(Mcor) according to fa, derived for 1323 RGs from Fig. 12. The
relationship between Mpr2 and M., is linear and the positions
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Figure 13. Mpro of 1323 RG stars (dots) is plotted with respect to the
corrected asteroseismic mass Mcor in solar units using fa, derived from
Fig. 13. Tog of 1323 RGs are taken as T'a. Also shown are the corrected
radii of the 79 MS+SG stars (circle) and 10 RGs in EBs (filled circles).

of the most of the stars are close to the Mpro=M_cor line. Most of
the stars have the mass in the 0.9-1.5 M) range. However, there
are also significant scattering. For 319 of 1323 RGs, the difference
between Mpr2 and Mo, is less than 5 per cent. There are some
stars with mass 0.5 < M < 0.9M. The MS life time of these
stars is greater than the age of the galaxy. Therefore, they can not be
in the RG branch as long as these masses are their initial masses. On
the other hand, at least for some of these stars both Mo, and Mpr2
are small. This leads us to rely on the computed masses. Then, these
stars might have experienced serious mass loss during their past
evolution. For comparison, the 79 RGs and solar-like oscillating
RGs in EBs are also plotted in Fig 13.

In Fig. 14, log Rpra is plotted with respect to log Rcor ac-
cording to fa, derived for 1323 RGs from Fig. 12 and for the 76
stars from Fig. 11. Rpr2 and Rcor are in very good agreement.
Rsis of 10 RGs in EBs are computed using fa, and fumax derived
from Figs. 6-7.log Rcor /R of these stars range from 0.89 to 1.14,
and in very good agreement with the radii derived from light curve
analysis of the EBs.

4.7 How T.g is certain and solution with convenient 7.

If we compare T from Gaia Apsis and T from APOKASC2, we
find significant differences between them. This leads us to test the
effect of uncertainty of 7. on the differences between asteroseis-
mic (dsis, Rsis and Msis) and non-asteroseismic quantities (dpra,
Rpr2 and Mpr2). In this section, we try to make corrected Rsis
and Rpre equal by changing only Teg. We first clarify how Rsis
and Rpr2 are sensitive to change in 7eg. For Rgis, we find from
the scaling relation that

ARst _ %AT‘TeH ) (6)

sis eff
For Rpro, the situation is a little more complicated. We first
compute L from the absolute magnitude and BC'. The change in
Ter influences BC' and hence L. If we assume that the effect of
change in Teg on Rpra over BC is negligibly small, then depen-
dence of Rprs is determined by Rpre = (L/47w0)'/?/Tug? (for
the coolest stars this is not the case, see below). For a given value
of L, we can show as
ARpr2 _QATCH
Rpra Ter

@)

T T
79 MS+SG o
10 RGs in EBs e
1.5 -
1.0 -
log Ror2(Ro)
0.5 =
0 — —
1 I I I

0 0.5 1.0 1.5
log Reor (Ro)

Figure 14. Rpgro of 1323 RG stars (dots) is plotted with respect to the
corrected asteroseismic radius Rcor in solar units using fa, derived from
Fig. 13. Tog of 1323 RGs are taken as T'a. Also shown are the corrected
radii of the 79 MS+SG stars (circle) and 10 RGs in EBs (filled circles).

While Rsis is proportional to Teg'’?, Roro is inversely propor-
tional to Teff2. Since the T dependencies of Rsis and Rpra are
completely different, we attempt to remove the difference between
the asteroseismic and non-asteroseismic quantities, by changing
only 7.

The estimated Tog (Twg’) as a function of Rsis and Rpro is
found from equations (6) and (7) as

Tert' = Temp + AT = Togr(1 + x7) (8)
where

_ ATeff o RDR,Q - Rsis
Ter 2RpRr2 + Rsis /2

xT ©))
If Rpro is less than R, then Teog’ is lower than Teg. In the other
circumstance, T’ is higher than Tyg.

BC is almost constant for about 5000 < T.g¢ < 6000 K. For
Ter < 4100 K, however, BC' is a very sensitive function of Teg.
Therefore, we follow an iterative method to find the most appropri-
ate T.g’ for a star for which Rpra = Rsis. We first compute all
the asteroseismic and non-asteroseismic quantities using the cata-
log value of T and then find Toq'. We recompute all the quan-
tities using the new effective temperature and repeat the procedure
until effective temperature is fixed at a certain value.

For Ter < 4100 K, where O BC'/9Teg is not small, however,
we find that the coefficient (-2) in the right side of equation (7) be-
comes (—2 — (0BC/0T.q)Tes /5). Although the relation between
BC and T.g is not linear but we find the slope for Teg < 4100 K
as 0.00464.

For the 1160 stars of 1323, value of T,g’ is between T'a — 200
K and T + 200 K. The number of stars for which either |T.g —
Ta| < 200 or |Tlg — T < 200 K is 1217. For the 367 stars of
1323, value of T.g’ is between T and Ta.

For the 1217 RGs (|Tig — Ta| < 200 or [Tig — Tc| < 200
K), a table is prepared for comparison of T with T and 7. The
fundamental properties of these stars are perhaps among the most
precise stellar data, provided that the accuracy of Gaia distances
is good enough. This table will appear in the online version of the
article. We recompute gravity (log g..), mass (M/,,) and radius
(R.,, of these stars using Tog’ and the expression for f Ay (equa-
tion 4). A sample of the online table is given in Table 2. Release of
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future accurate data of Gaia will make these quantities much more
accurate than the present data.

5 PARALLAX OFFSET AND SCALING RELATIONS

The difference between asteroseismic and non-asteroseismic dis-
tance may arise either from difference between true (m¢rue) and
Gaia DR2 parallaxes or difference between true radius (Rirue)
and Rgs. If there is an offset, AT = 7pr2 — Ttrue 1S @ CON-
stant. Rirue can be written as a function of f, .. and fa, :
Rirue = f2u/ frmax Rsis. If R is perfect then fa, = fo.... =1,
defect is pertaining to the Gaia DR2 data and one can obtain Axr. If
7pR2 is perfect, then Am = 0 and we can at least find f2, / fu,...
from the relation between Ry,y0 and Rsis (see below). However, we
can do something better than these two options, if one may obtain
a relationship between f3, , fu,.., and Ar.

Radius and distance of a star are interrelated over its lumi-
nosity. We assume 7o, V and BC' are given. If we determine ra-
dius, from asteroseismic scaling relations, for example, then one
can find distance from the comparison of flux at the surface of
the star and flux we receive. If we know radius, we can determine
distance or vice versa. If the difference between “true” and esti-
mated radii is, for example, 2 per cent, then the difference between
true and estimated distances is 2 per cent too. This implies that
Rtrue/Rest - dtrue/dest‘

This is the case for both sets of the quantities based on Gaia
DR2 parallax and asteroseismic scaling relations.

Rirue = Rpr2dtrue/dpr2 = RpR2/(1 + ATdpR2).-

Using the relation between Rgis and Rirye,

Rirve = fiu/fumastis = RDR2/(1 + A7'l'dDRZ)~
Then,

Frmax = Reis/Bora (1 + Amdpra) £, - (10)

For MS stars we know fa, from the models. Then, we have a
relationship between f,_.. and A7 from equation (10).

Similarly, we can find another relation between fa., fu....
and A7 from the ratio of Ms;s and Mpro:

fomax = (Msis /Mpr2)"* (1 + Amdpra) f.-
Hence,
Msis/Mpr2 = (Rsis/RDR2)0'5
or
OM/M = 25R/R.

Since we use the same gravity (gsis) for the both methods, dg/g =
OM/M — 26R/R = 0. This is the underlying reason behind the
result for 6M /M = 26R/R.

5.1 Parallax offset for the MS and SG stars

Assume the difference between two fa, is due to offset
and f,, .. =1. In order to equalize the asteroseismic and non-
asteroseismic radii to each other, we obtain Aw for 76 stars
as -0.125 mas. A7 of -0.125 mas gives us the mean value of
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Figure 15. Histogram for the 75 stars with fa, given in Fig. 11.

fAyZl -

0 | ’_| 1 |_| |
-3 -2 -1 0 1 2 3
Am(mas)

Figure 16. Histogram for the 75 stars with fa, =1.

Rsis/Rpr2 as 1. However, with this amount of offset, f,,... shows
Tes dependence.

If the offset is zero and fa, is the same as obtained in
Yildiz et al. (2016), then f,,.. = 0.98. However, f, .. has
Ter dependence if there is an offset. If A7 is the same as ob-
tained by Stassun & Torres (2018) for eclipsing binaries, -0.082
mas, for example, we obtain fu, .. (Vpn.©=3050) as fo.. =
0.789(Terr / Terin)? — 1.622(Toir /Tosre) + 1.823. For this Ar
and v,,,,©=3050, fi,,., (1)=0.99. If Ar is taken as 0.173 mas,
S (1)=1:

Fomax = 1.604(Test /Tee)” — 3.307(Temr/ Teo) + 2.703.

For 7,,=3020, fipue = 0.796(Teq/Terro)® —
1.636(Test/ Terw) + 1.840. For the Sun, f,,... =1.

If we use fa, derived for 76 stars in section 4.6, we find that
|Am| is less than 1.4 mas for 75 of the stars. For only HD 203608,
it is about 7 mas. The offset for the 75 stars is very small, 0.0039
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Figure 17. Histogram for the 1323 RGs with fa, = 1 (filled circles) and
fa. given (circles) in equation (5).

mas. This amount of offset gives us f, .. =1. This implies that the
classical scaling relation for vmax 1is valid for this group of stars,
mostly consists of MS and SG stars. The histogram of the 75 stars
is plotted in Fig. 15. The distribution is very likely a gaussian curve.

If far = fopax = 1, Am=-0.0761 mas for the 75 stars. The
histogram of the 75 stars is plotted in Fig. 16. The distribution is not
well represented by a gaussian curve. Using this A7 we recompute
fa, and find that

far = —1.584(Tegr /Tegro)? + 3.084(Tegr /Tefre ) — 0.4890.

In this case, fo,,,, is unity.
If A7=-0.050 mas, about the typical value in the literature,

far = —1.291(Toi/ Torro)? + 2.507(Tor /Tomre) — 0.208.

Using this A7 and fa,, we find that f, . is almost constant and
its mean value is about unity.

5.2 Parallax offset for RG stars

We have already derived fa, for 1323 RGs (see section 4.6) as-
suming no offset. If we take fa, = f.,.. = 1, then we can find
value of Ar. For this case, A is about 0.0696 mas. Histogram of
these stars is plotted in Fig. 17. Distribution of stars (filled circles)
is not well represented by a gaussian curve (dotted line).

If fa, given in equation (5) is employed, we find that Arw
is equal to 0.00230 mas. Histogram of these stars are also plotted
in Fig. 17. The distribution for this case (circles) is more likely
gaussian than that of the data with fa,=1.

If we take A7 as -0.082 mas, for example, the mean value of
fay is about 0.88, significantly less than 1. This implies that much
more correction is required for the negative values of Ar for the
RGs.

For 75 stars, A is less than zero, while it is positive for 1323
RGs, 0.0696 mas. This implies that improvement in asteroseismic
scaling relations is an obligation rather than choice for the agree-
ment

6 CONCLUSIONS

Combining all photometric, spectral, astrometric and asteroseismic
data, we find distance, radius and even mass of about 1800 stars
from two different methods and compare these findings in order
to assess Gaia parallaxes and to improve the asteroseismic scaling
relations for stellar mass and radius. In this regard, Gaia, Kepler
and TESS space projects open a new era in our understanding of
stellar evolution theory.

We first compare the first two data releases of Gaia. The DR2
parallaxes are much more accurate than the DR1 parallaxes. The
5 per cent systematic difference between dsis and dpr1 (Yildiz et
al. 2017) reduces to 1.1 per cent for dpro for the 79 (MS + SG
+ 2RGs) stars. From the comparison of Rsis and Rpr2, we ob-
tain that Rpre = 1.052R%%5. Since there are only 2 RGs in this
sample, we extend our study to the RGs in the APOKASC?2 cata-
log. There are two samples of RGs we analyze. Luminosities of the
stars are computed from the V' magnitude for one group (909 RGs)
and from the Gaia G magnitude for the other group (1323 RGs).
About 493 RGs are common in both groups. From the comparison
of Rsis and Rpra2, we obtain relationships very similar to the rela-
tionship for the 79 stars. These relationships leads us to show how
to improve the conventional scaling relations. Similar relationships
are valid also for the RGs in EBs. We also find relationship between
Mis and Mpro. From the ratio \/(RDR2/Rsis)s/(MDRQ/Msis),
we find the expression for fa,. This expression for the 76 stars is
almost identical to the one we have obtained from interior mod-
els for MS stars. For RGs with Teg less than about 4800 K, there is
another relationship in particular for 1323 RGs. Using these expres-
sions for fa,, we can improve Msis and Rsis. Such a correction for
Rsis and Mg of RGs in EBs makes them in agreement with radius
and mass derived from orbital analysis.

Finally, improvement for M and R can be done over T.g, be-
cause the dependencies of asteroseismic (dsis, Rsis and Msis) and
non- asteroseismic quantities (dpr2, Rpr2 and Mpr2) on Teg are
completely different. While Ris, for example, is proportional to
T/?, Rora o T2 for RGs with Tog > 4100 K. Therefore, slight
modifications in 7. remove all the differences between asteroseis-
mic and non-asteroseismic quantities for most of the stars. For the
RGs with Teg < 4100 K, we also take into account derivative of
BC with respect to Teg.
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Table 2. Basic properties of the 1217 RGs for which we compute the most appropriate effective temperature 7/’ from equation (8). Columns are organized as
star name, Téﬂ, ATéE, the corrected mass and its uncertainty, the corrected radius and its uncertainty, metallicity and its uncertainty, the corrected gravity and

its uncertainty. AT/ is taken as [Ty — (Ta +Ta)/2|. AM/q,. AR, and Alog gt are computed from the scaling relations with a quadratic approach.
KIC Telff ATe/H Ta Tc Méor A]wéor R::or AR/cor [Fe/H] A[Fe/H] log géor Alog g(/:or
X K & K Me Mg Re) Re) (cgs) (cgs)
1719297 4241 4 4232 4241 1.10 0.03 2333 044  -0.02 0.02 1.744 0.009

2300503 4363 53 4404 4428 1.17 0.02 1729 0.17  -0.13 0.03 2.031 0.009
2301349 4496 119 4603 4627 1.25 0.04 8.05 0.15 039  0.02 2.722 0.019
2422073 4473 16 4489 4492 1.11 0.01  12.05 0.04 0.09  0.03 2.320 0.003
2140446 4492 62 4549 4561 1.22 0.02 8.58 0.09 030  0.02 2.657 0.010
1872469 4603 45 4657 4639 1.18 0.01 8.45 0.06 0.14  0.03 2.657 0.007
1725552 4248 17 4325 4135 1.39 0.02 25.02 0.25 0.10  0.02 1.784 0.007
1433730 4560 118 4727 4630 1.59 0.05 11.68 022 -0.03 0.03 2.504 0.018
1725732 3992 96 4077 4100 0.82 0.08  30.66 1.99 0.07 0.02 1.381 0.023
2017541 4143 43 4208 4166 1.15 0.04  20.90 0.44 0.14  0.02 1.858 0.008
1572780 4658 113 4784 4759 080  0.02 12.19 022  -0.51 0.04 2.171 0.017
1432587 4288 91 4288 4470 0.80  0.03 2257 048 -020  0.03 1.634 0.019
1433593 4747 27 4778 4771 1.45 0.01 8.47 0.04 0.16  0.03 2.744 0.004
1163114 4145 172 4285 4350 1.35 0.07 1841 0.55 030  0.02 2.038 0.029
1871927 4604 57 4650 4674 1.14  0.02 7.71 0.07 020  0.03 2.722 0.009
1163359 4727 113 4571 4655 1.43 0.04 15.01 026 -034  0.03 2.242 0.017
1871314 4567 66 4552 4450 1.30  0.02 8.73 0.09 0.35 0.02 2.669 0.010
2305590 4546 129 4603 4746 1.00  0.04 8.40 0.17 -0.30  0.03 2.591 0.020
2014684 4286 5 4303 4280 0.92 0.03 2329 047 -026  0.03 1.665 0.006
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