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ABSTRACT

Context. Surface brightness—colour relations (SBCRs) are used to derive the stellar angular diameters from photometric observations.
They have various astrophysical applications, such as the distance determination of eclipsing binaries or the determination of exoplanet
parameters. However, strong discrepancies between the SBCRs still exist in the literature, in particular for early and late-type stars.
Aims. We aim to calibrate new SBCRs as a function of the spectral type and the luminosity class of the stars. Our goal is also
to apply homogeneous criteria to the selection of the reference stars and in view of compiling an exhaustive and up-to-date list of
interferometric late-type targets.

Methods. We implemented criteria to select measurements in the JMMC Measured Diameters Catalog. We then applied additional
criteria on the photometric measurements used to build the SBCRs, together with stellar characteristics diagnostics.

Results. We built SBCRs for F5/K7-1I/111, F5/K7-IV/V, M-II/IIl and M-V stars, with respective rms of o7, = 0.0022 mag, o, =
0.0044 mag, o, = 0.0046 mag, and o, = 0.0038 mag. This results in a precision on the angular diameter of 1.0%, 2.0%, 2.1%,
and 1.7%, respectively. These relations cover a large V-K colour range of magnitude, from 1 to 7.5. Our work demonstrates that
SBCRs are significantly dependent on the spectral type and the luminosity class of the star. Through a new set of interferometric
measurements, we demonstrate the critical importance of the selection criteria proposed for the calibration of SBCR. Finally, using
the Gaia photometry for our samples, we obtained (G—K) SBCRs with a precision on the angular diameter between 1.1% and 2.4%.
Conclusions. By adopting a refined and homogeneous methodology, we show that the spectral type and the class of the star should

be considered when applying an SBCR. This is particularly important in the context of PLATO.

Key words. techniques: interferometric — stars: atmospheres — stars: late-type — stars: fundamental parameters

1. Introduction

Surface brightness—colour relations (SBCRs) are very conve-
nient tools for easily estimating the angular diameter of a star
from photometric measurements. For instance, the SBCR plays
a central role in the distance determination of eclipsing binaries,
by combining the linear diameter (derived from light curve and
velocimetry) and the estimated angular diameter of their compo-
nents.

Recently, in the course of the Araucaria project (Pietrzynski
& Gieren 2002), Pietrzyniski et al. (2019) used this method
to constrain the Large Magellanic Cloud distance to 1%. The
PLATO (PLAnetary Transits and Oscillations of stars, Catala &

* Tables C.1-C.4 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/640/A2
** Based on CHARA/VEGA observations.

PLATO Team 2006) space mission, planned for launch in 2026,
will characterise exoplanetary systems, with the transit method.
PLATO will thus provide the ratio of stellar-to-planet radii with
1% precision, while an SBCR combined with Gaia parallaxes
will give access to the stellar radius.

So far, 23 SBCRs have been established, covering all spectral
types and luminosity classes. Nardetto (2018) compares these
SBCRs, and shows that they are precise but inconsistent for late-
type stars (at the 10% level), while they are rather imprecise
for early-type stars (around 7% precision, Challouf et al. 2014).
Besides this, several studies, such as Fouque & Gieren (1997)
and Kervella et al. (2004a) point out a significant difference in
the SBCRs according to the luminosity class of the stars (see
also, Nardetto 2018). They also suggest the impact of the activity
of the star. Chelli et al. (2016) also proposed a different method
based on so-called pseudo-magnitudes to build the JSDC cata-
logue, including 450 K star diameters.
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In the present work, we restrict our analysis to late-type
stars, following the PLATO specifications, taking into account
the luminosity classes as suggested by previous studies men-
tioned above. We only consider stars from F5 to K7, which cor-
responds to an effective temperature (Ts) lower than 6510K
(Pecaut & Mamajek 2013) (or V—K > 1 mag) and higher than
4050 K. We also consider logg = 4.0 as the typical separation
between dwarfs (V), sub-giants (IV) on one side, and giants (III)
on the other side. This leads to four working samples; F5/K7
giants, F5/K7 sub-giants and dwarfs (II/III and IV/V luminosity
classes, respectively), M giants, and M sub-giants and dwarfs.

We first present the SBCRs existing in the literature in
Sect. 2. We then describe the selection of our interferometric and
photometric measurements in Sect. 3, as well as the reddening
law we used to correct the interstellar extinction. Our calibrated
SBCRs are presented in Sect. 4 and discussed in Sect. 5.

2. Definition and surface brightness—colour
relations in the literature

The surface brightness of a star is the flux density emitted per
unit angular area. The Stefan-Boltzmann law connects the sur-
face brightness to the effective temperature T.s. An empirical
relation between the effective temperature and the colour (i.e.
the difference in magnitude measured in two different spectral
bands) of the star is then found to relate the surface brightness to
the colour. The first historical definition of the surface brightness
was established by Wesselink (1969), depending on the bolomet-
ric correction and the effective temperature of the star. Wesselink
(1969) then used this definition to show the correlation between
the surface brightness and the colour of the star. Later, Barnes &
Evans (1976) built another definition of the surface brightness,
noted F,, written as follows:

Fy=C-0.1my, —0.5logbp, (1)

where 6 p is the limb-darkened angular diameter of the star,
my, is the apparent magnitude corrected from the interstellar
extinction, and C is a constant. After Fouque & Gieren (1997),
C depends on the Sun bolometric magnitude My, its total flux
fo, and the Stefan-Boltzmann constant o through the following
relationship (Fouque & Gieren 1997):

4
C = 0.1Mpo, + 1 +0.25log %, 2

and it is found to be equal to 4.2207. More recent and accurate
estimations of solar parameters (Mamajek et al. 2015; Prsa et al.
2016) lead to a slightly different value, 4.2196, which we took
for our study. The definition of the surface brightness can be
rewritten as follows:

Fy;=42196 - 0.1my, — 0.5log O;p. 3)

On the other hand, the bolometric surface flux fi, of a star,
which is expressed as the ratio between the bolometric flux Fo
and the squared limb-darkened angular diameter HfD, is linearly
proportional to its effective temperature T:ff. It is thus also lin-
early linked to the colour m,, — m,,. In this way, the surface

brightness can be estimated by the foilowing linear relation:
F,{l =a(m/ll —m,,2)+b. (4)

The previous equation corresponds to the so-called surface
brightness—colour relation (SBCR). By injecting Eq. (3) into
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Eq. (4), the SBCR allows us to directly estimate the limb-
darkened angular diameter of the star. We used this definition of
the SBCR in this work. Nardetto (2018) demonstrated the exis-
tence of various definitions of the SBCR in the literature. By
carrying out suitable conversions, we compare the 23 SBCRs
in Fig. 1, as a function of the V—K colour. In the following,
we consider the (V, V-K) colour system, as it is known to pro-
vide the lowest dispersion in the SBCRs (Kervella et al. 2004a).
As shown by the figure, the SBCRs in the literature are rather
consistent around V—-K =2 mag, with an expected precision on
the derived angular diameter (using any SBCR) of about 2%.
However, some discrepancies are clear on the outer edges of the
surface brightness versus V—K colour diagram, as already men-
tioned. In order to calibrate the SBCRs, we need the V and K
magnitudes, the limb-darkened angular diameter, an extinction
law, as well as diagnostics on star activity. We describe the strat-
egy we implemented to find such information in the next sub-
sections.

3. Methodology and selection criteria

The quality and robustness of an SBCR is strongly related to the
definition of the samples of stars used for its calibration and to
the correct explanation of its domain of validity. In this section,
we present the method employed to define our samples on the
basis of the JIMMC Measured Diameters Catalog (JMDC) cat-
alogue, and we detail the various selection criteria that were
developed.

3.1. JMDC catalogue

The most complete and up-to-date catalogue that lists all the
interferometric measurements that have been done so far is the
JMMC Measured stellar Diameters Catalog' (Duvert 2016). As
of February 2020, this catalogue contains 1672 rows. Among
all these measurements, the current number of individual stars
with observed diameters is 885. The catalogue lists the uniform
disc angular diameter 6yp, the limb-darkened angular diame-
ter Orp, and the Gyp to O p conversion factor u, if available.
A “Notes” column is included and contains some information
about the star. The observing technique is indicated: optical
interferometry, lunar occultation or intensity interferometry. We
cross-matched the Simbad database with the JMDC catalogue to
obtain photometric information (see Sect. 3.5).

3.2. Common criteria

To build SBCRs, one needs several input data; 6.p, 0y, ,, V, o,
K, and og. We list the general criteria applied to our samples:
(i) consider the spectral type (later than F5) and the luminosity
class (I, I, IV or V) of the star; (ii) retain only optical interfer-
ometry measurements; (iii) reject measurements without all the
necessary data (6.p, 0, V, oy, K and o).

3.3. Stellar characteristics criteria

We implemented six more criteria based on the characteristics of
the star. These criteria are presented in the top part of Table 1,
with their corresponding labels used in the final table. When a
star has one of these activity signs, it is not used to constrain
the SBCRs, but it still appears in our final table of parameters.

1 Available on the VizieR database athttps://vizier.u-strasbg.
fr/viz-bin/VizieR?-source=I1/345
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Fig. 1. 23 SBCRs in the literature plotted
as a function of the V—-K colour (over
their validity domain), and comparatively
to the Kervella et al. (2004a) relation in
AF'y on the top right corner, between 0.5
and 3.0 mag, which is taken as a reference
(for clarity). We note, however, that the
Kervellaetal. (2004a) relation is in princi-
ple valid only over the —0.85t04.10 V-K
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range. The references for these SCBRs
are as follows: Fouque & Gieren (1997),
van Belle (1999), Nordgren et al. (2002),
Kervella et al. (2004a,b), di Benedetto
(1993,1998,2005), Groenewegen (2004),
Boyajian et al. (2014), Graczyk et al.
(2017), Bonneau et al. (2006), and
Challouf et al. (2014).

Table 1. Description of the stellar characteristics (top part), interferometric (middle part), and photometric (bottom) criteria we considered for the

data selection.

Criterion Label
Stellar characteristics (see Sect. 3.3) Variable Y \Y
Spectroscopic binary SB
Multiple M
Doubt on luminosity class LumC
Semi-regular pulsating star St Puls
Fast rotator FRot
Interferometric (see Sect. 3.4) Not compatible data and no visibility curve NVisC
8—13 um band 8-13
Data very far from the general trend Bad
High visibility measurements (V> > 0.8) hVis
Excellent visibility curve in the other reference eVisC
Large visible band problem LvisBand
Photometric (see Sect. 3.6) High K magnitude uncertainty hK

Notes. Right column shows labels relative to these criteria, which we included as a note in the final samples of stars (see Table 3). @BY: BY Dra
type, TT: T Tauri type, RS: RS CVn type, dS: ¢ Scuti type, Cep: Cepheids. PIn case of inconsistent redundancies.

However, we needed to make several exceptions in the selection
process. Among the remaining stars, the variability was preva-
lent in the F5/K7 giants sample. This criterion is thus not con-
sidered when selecting giants. We quantitatively study this point
later in Sect. 5.1. Moreover, given the very low number of M
dwarf measurements, no selection is based on their activity (only
the quality of the interferometric data, see below).

3.4. Interferometric criteria

To build accurate SBCRs, one needs precise angular diame-
ter measurements. We arbitrarily excluded measurements with
errors on the angular diameter larger than 8%. We then removed

measurements done in the 8—13 ym band to avoid the contami-
nation of the flux of the star by any materials, like a circumstel-
lar envelope or dust. In some cases, we find data that is totally
inconsistent (more than 50°) with the SBCRs, due to inaccurate
conversions from fyp to 6 p, bad observation quality and/or poor
spatial frequency coverage in the visibility curve. The correspond-
ing data are then flagged as “NVisC”, “Bad” or “LvisBand” in
Table 1. If a star has several interferometric independent meas-
urements (e.g. on different instruments) satisfying all the criteria,
we keep them all in the sample.

The LD diameters in the JMDC are predominantly deduced
from the measured UD diameters using Claret’s grids (Claret
et al. 1995; Claret 2000; Claret & Bloemen 2011). Claret’s grids
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Fig. 2. oy vs. Vy (left panels) and ok vs. Ky (right panels) plotted for the four samples, indicated in the top-right corner of each graphic. The

photometric sources are noted in the legend.

have a step of 250K in temperature, thus the largest error we
can make on the temperature is 125 K without any interpola-
tion. As mentioned by Nardetto et al. (2020) in a recent work,
this error on the temperature leads to an error of 0.3% on all
angular diameters, well below the typical errors of our sam-
ples. Moreover, the angular diameters computed with SATLAS
(Lester & Neilson 2008; Neilson & Lester 2013) are 0.4% larger
from those deduced with Claret & Bloemen (2011) grids for K
giants. For dwarfs, we expect an even smaller difference. This
means that even if the UD to LD conversion is not done homo-
geneously on our JIMDC samples, the impact on the value of the
angular diameter is well below the quoted uncertainty.

3.5. Visible photometry

Surface brightness—colour relations are strongly dependent on
the photometry used for the calibration. We thus took into con-
sideration both V and K uncertainties to properly build our
SBCR fitting strategy. We considered visible magnitudes from
the Kharchenko & Roeser (2009) catalogue. This catalogue gath-
ers measurements from several other catalogues (HIPPARCOS-
Tycho catalogues, Carlsberg Meridian Catalog and the Positions
and Proper Motions catalogue), and all the visible magnitudes
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are given in the Johnson V filter. The strong interest of this cata-
logue is the accuracy of the measurements, with an error on the
visible magnitude rarely exceeding 0.01 mag (see Fig. 2).

3.6. Infrared photometry and additional criterion

The uniformity of the infrared K magnitude was more compli-
cated to fulfill since the 2MASS catalogue (Cutri et al. 2003),
which is the most complete catalogue of infrared photometry, is
not very accurate for a lot of the measurements (mainly because
of saturation issues). We decided to consider only infrared mea-
surements with an error below 0.15 mag. For stars with a pre-
cision larger than 0.15mag on the 2MASS photometry, we
searched other catalogues for more accurate infrared measure-
ments. This allowed us to keep 10 additional stars, indicated by
grey triangles in Fig. 2, for which we found more precise infrared
photometry. The various sources we found for the infrared pho-
tometry are given in the legend in Fig. 2. They are also listed
in Table 2 with their corresponding labels. This induced a new
selection criterion, labelled as “hK”.

Among all the catalogues we use for the infrared
K-photometry, only Ducati (2002) and Neugebauer & Leighton
(1969) use Johnson photometry without conversion into 2MASS


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038012&pdf_id=2
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Table 2. Infrared photometry sources with their corresponding labels
included in Table 1.

Infrared photometry source Label
TMSS (Neugebauer & Leighton 1969) T

Ducati (2002) Du
2MASS (Cutri et al. 2003) 2M
DENIS Consortium (2005) De
van Belle & von Braun (2009) \"
Tabur et al. (2009) Ta
Laney et al. (2012) La
Mann et al. (2019) M19

photometry. This corresponds to 85 stars over the 153 in our
samples. We did a test by considering only Ks photometries to
constrain our SBCRs. We find a consistency of less than 1-o
between the one with only 2MASS photometry and the other one
with heterogeneous photometry. To evaluate the impact of the
heterogeneous infrared photometry, we compared both photome-
tries for 4 stars in our samples: HD 140283, HD 3651, HD 4628,
and HD 75732. We found a difference of 0.05%, 0.35%, 2.5%,
and 1.2%, respectively, leading to a difference of 0.1%, 0.7%,
4.5%, and 2.8% on the angular diameter. Both K and K pho-
tometries are consistent in the error bars for these four stars.
The difference is therefore minimal, provided that K and K pho-
tometries differ within 2%. To conclude, our SBCRs are mixed
with 2MASS/Johnson —K photometries, but both are consistent,
meaning that our SBCRs can be used with the two photometries
without including any significant bias on the angular diameter.

3.7. Reddening corrections

We used the Stilism®> online tool (Lallement et al. 2014;
Capitanio et al. 2017) to compute the colour excess E(B — V).
This tool produces tridimensional maps of the local interstellar
matter (ISM) based on measurements of starlight absorption by
dust (reddening effects) or gaseous species. By definition, the
interstellar attenuation Ay in the visible band is given by
Ay =Ry X EB-YV), (®)]
where Ry is the ratio of total to selective absorption in the visible
band, for which we adopted Ry = 3.1, which corresponds to the
typical value in the diffuse ISM (Cardelli et al. 1989). We then
used Ax = 0.119 X Ay, according to Nishiyama et al. (2009).

It is well known that the SBCR is not significantly sensitive
to the reddening correction, since the magnitude absorption is
compensated by the colour extinction. The visual absorption of
our samples rarely exceeds 0.1 mag. To quantify its contribution,
we increased the value of the visual extinction on a few stars of
our F5/K7 giants sample. A high value Ay = 0.1 mag yields
to a difference of 0.3% on the surface brightness, and 0.35%
on the resulting angular diameter. Nardetto et al. (2020) did a
test by varying the visible absorption Ay on their entire sample.
They find that for a larger absorption of 0.1 mag, the zero-point
of their SBCR increases by 0.045mag (i.e. 0.0045 mag in the
Fy definition), which roughly corresponds to the rms of their
relation.

The contribution of the visual extinction to the SBCR is
therefore minimal. However, we decided to take into consider-

2 The online tool is available at http://stilism.obspm. fr

ation the extinction since the colour validity interval of the rela-
tion can be impacted.

4. Determination of new surface brightness—colour
relations

4.1. Final selected measurements samples

With the methodology described in Sect. 3, we obtain four sam-
ples of carefully selected measurements, depending on luminos-
ity classes. All the tables (including selected and rejected stars)
are provided at the CDS. The four tables have the following num-
bers of selected stars (selected/total®): F5/K7-II/IIT (70/274),
F5/K7-1V/V (38/156), M-II/IIT (29/67), M-V (16/37). As an
example, the F5/K7 giants sample is shown in Table 3, including
keywords relative to the source of the infrared photometry, as
well as specific keywords corresponding to criteria of selection
indicated in the “Notes” column. Final selected measurements
are those with an empty cell in the Notes column.

4.2. New specific surface brightness—colour relations

The new relations for the four samples are presented in Fig. 3.
The SBCREs are listed in Table 4, and we detail our fitting strat-
egy in Appendix A. We did a test by comparing a least-square
(LS) regression with our strategy. We find that using a simple
LS method leads to a maximum difference of 1% on the angular
diameter compared to our method. We therefore decided to keep
our fitting strategy, since the difference with the LS method is
not significant. We consider our method as more robust as we
take into consideration all uncertainties that could induce a bias
in the final SBCR.

The most precise relation is found for the F5/K7 giants work-
ing box, with an rms of 0.00223 mag. The resulting angular
diameter is obtained from Eq. (3) as follows:

HLD — 108.4392—0.2V0—2FV0

(6)

A formal way to calculate the expected angular diameter
precision oy, is to apply the partial derivative method on
Eq. (6):
O-HLDrms

LD

= 21n(10)0 s @)

This leads to a precision of 1% on the estimation of the
angular diameter in the case of F5/K7 giants. Regarding the
other boxes, the rms of the relations range from 0.00377 mag
to 0.00461 mag, leading to an estimate of the angular diame-
ter precision between 1.7% and 2.1%. As shown in Table 4, the
V—K colour domain of validity of these relations ranges from 1
to 7.5 mag.

However, one should notice that such precision corresponds
to a lower limit on the expected angular diameter uncertainty.
Indeed, if we want to deduce the angular diameter using a SBCR,
we have to consider the uncertainties on the colour and the
coefficients of the SBCR. The total resulting uncertainty on the
angular diameter can be expressed as Oip + g, *+ Oy,

where T 01, e 1S E1VEN by

a,b,phot ’

Oop = 21n(10)9LDO-0LD Top. > (8)
a,b,phot a,b ‘phot
where
2 2 21172
Torn,, = {[(V-K) - 0.881Ay [ 0 + 03} 9)

3 The total number of measurements is the number of measurements
remaining after applying common criteria to the JMDC.
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Fig. 3. Newly developed surface brightness—colour relations after applying stellar characteristics, interferometric and photometric criteria. From
top-left to bottom-right panel: SBCRs for F5/K7 giants, F5/K7 sub-giants/dwarfs, M giants and M dwarfs. The shaded grey area corresponds to the
1-0 confidence interval computed according to Eq. (A.5). The uncertainty on the surface brightness of each measurement was divided by the rms.

is the uncertainty linked to the coefficients a and b of the relation,
and
(10)

Oop. = {a2 (0’%/ + 0'%( + 0.0140'1%“/)}1/2

phot
is the photometric part of the uncertainty. For the F5/K7 giants’
relation, by considering only uncertainties due to the coefficients
of the SBCR, and fixing an arbitrary colour of V-K = 3 mag, we
find a precision of 1.10% on the angular diameter. On the other

hand, if we consider only arbitrary uncertainties of 0.022 mag on
both V and K magnitudes, we get 1.70% precision. If we set oy
10% smaller, we are now only sensitive to ox and we get 1.20%
precision. This means that precise V and K band photometries
(<0.022 mag) are necessary if we want to reach 1% precision on
the angular diameter using an SBCR with a rms of 0.00223 mag.

A number of interferometric measurements have uncertain-
ties below 1%. We did a test by setting a lower limit of 1% on the
angular diameter and 0.03 mag on the V—K colour of the stars.
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Table 4. Parameters of the new SBCRs.

Working box  Number of data Relation (V-K) range Otms Expected ?LL];)
[mag] [mag] [%]
F5/K7-11/111 70 Fy, = =0.1220.0.0006(V—=K)o + 3.9278.00016  [1.80;3.80]  0.00223 1.03
F5/K7-1V/V 38 Fy, = =0.1374.00011(V—-K)o + 3.9581.00020  [1.00; 3.30]  0.00439 2.02
M-II/111 29 Fy, = =0.1165.00012(V—K)o + 3.9051.000s5  [3.70; 7.00]  0.00461 2.12
M-V 16 Fy, = =0.1240.00010(V-K)o + 3.9148.0004s  [3.80; 7.50]  0.00377 1.73
Notes. The (V-K) range column denotes the validity interval of the relation.
The SBCRs we obtained were consistent at less than 1-0- with 4.20 . .
the current ones. A possible under-estimation of the uncertain- = This work FS/K7-Illll
ties therefore has no impact on our SBCRs. 4.10¢ . T e eO KTV
AN —— This work M-V
. . 4.00} N Boyajian+14 (V)
5. Discussion - = Kervella+04 (IV, V)
. , , , 3.90+ Adams+18 (I1/1ll)
5.1. Different surface brightness—colour relations for giants Adams+18 (IV/V)
and dwarfs, and a comparison with the literature 3.801 R —— Pietrzynski+19 (I1ll) |
In Fig. 4, we superimposed our SBCRs with various rela- 3.70}
tions found in the literature, namely Kervella et al. (2004a), __
Boyajian et al. (2014), Pietrzynski et al. (2019), and Adams etal. & 3.60}
(2018). In Fig. 5, we compare our own relations for giant and E
dwarf stars, respectively. This shows that using the F5/K7 rela- & 3.50¢
tion for giants, instead of the one for dwarfs, leads to an error 3.40|
on the estimation of the angular diameter of up to 9%. The dis-
agreement can even reach 18% for the M relations. Using rela- 3.30t
tions adapted to the spectral type and class of the star is therefore
mandatory. This result is consistent with several previous stud- 3.20}
ies (di Benedetto 1993; Fouque & Gieren 1997; Groenewegen 310l
2004; Kervella et al. 2004a). ’
As mentioned in Sect. 3.3, we decided to ignore the variabil- 3.00}
ity criterion for F5/K7 giants. After a case-by-case analysis, we
found in Kukarkin et al. (1981) that the variability generates a 290, =10 00 10 20 30 40 50 60 70 80

noise on the V magnitude between +0.02 and +0.10 mag, with
a median value at 0.04 mag. Removing variables from the sam-
ple leads to a relation in very good agreement at a level of 0.20
with the current one, but keeping variables does not influence the
calibration of our SBCRs.

Recently, Adams et al. (2018) considered 78 giants, sub-
giants, and dwarfs, with interferometric angular diameter
estimates at the 2% level or better (and observed on at least two
separated occasions), in order to constrain the SBCRs. They used
different coulours and a definition of the SBCR compared to the
one we use in this work (including V and K), and they paid
attention to binarity, following the selection strategy described
in Boyajian et al. (2008). They reached the conclusion (con-
versely to other authors mentioned above) that there is no dif-
ference between the SBCRs of giants, sub-giants, and dwarfs,
and they obtained a precision of 3% in the V-K colour system.
Figures 6 and 7 show the normalised difference (in %) on the
angular diameter we expect between our SBCRs and relations
taken from the literature, introduced above. For dwarfs and sub-
giants, we obtained different results to Adams et al. (2018) on
the derived angular diameters of at most 6% over their domain
of validity. For F5/K7 and M giants, we respectively obtained a
good agreement at the 1.5% and 2.5% levels.

Chelli et al. (2016) developed a new method for the cali-
bration of the SBCR based on the differential surface brightness
(DSB) and pseudo-magnitudes. Similarly to Adams et al. (2018),
they found a unique polynomial solution for all stars (dwarfs and
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VE) — [X’() (mag)

Fig. 4. Comparison between our four newly developed SBCRs with
relations in the literature.

giants), as a function of the spectral type. This relation gives a
precision of about 3% on the derived angular diameters. If we
apply the same methodology of DSB and pseudo-magnitudes
on our samples, we obtain a comparable precision to the one
obtained for our SBCRs, and, importantly, we again retrieve dif-
ferent DSB relations between giants and dwarfs.

The precision we reached with the F5/K7 giants’ SBCR is
comparable to the one of Pietrzynski et al. (2019). As shown
in Fig. 6, we expect a difference of at most 2% on the angular
diameter with the SBCR of Pietrzynski et al. (2019). This differ-
ence could be due to the fact that we considered observational
and stellar characteristics selection criteria. We indeed rejected
21 stars among 48 observed by Pietrzynski et al. (2019) because
of their activity, despite the very good quality of the observa-
tions. The agreement between the relations is lower than 1.5%
for the majority of the colour range considered. On the other
hand, we find very good agreement between our F5/K7-1V/V
SBCR and that of Kervella et al. (2004a). Using one or the other
relation leads to a difference of less than 1% on the angular diam-
eter, which reveals a strong consistency of these two SBCRs.
However, our M-V relation is inconsistent with the SBCR of
Kervella et al. (2004a) at a level of more than 4%, but consistent
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Fig. 7. Difference (in %) of angular diameter estimations between our
M relations and the literature.

with Boyajian et al. (2014) under 2.5%. We need new data and
complementary works to understand these differences.

5.2. Surface brightness—colour relations for Gaia

In this section, we convert our SBCRs in the Gaia photometric
band G. The G photometry of the stars in our sample is found
in the Gaia DR2 database (Gaia Collaboration 2018). In order
to determine the corresponding extinction (Ag), we used an ana-
lytic model established by Danielski et al. (2018):

Ag = a1 + a2(G=K)g + a3(G-K)} + as(G-K)j + asAy
+ agAY + a7(G-K)Ay, (1)

with a1 = 0.935556283,a, = —0.090722012, a3 =
0.014422056, a4 = —0.002659072, as = —0.030029634, a¢ =
0.000607315, and a; = 0.002713748. The SBCRs based on the
Gaia photometry are shown in Fig. 8, while their coefficients are
listed in Table 5. We find a good consistency with the SBCR
based on the V band. Precision ranges from 1.1% to 2.4%.
There are several things to mention. First, we did not find the
G photometry for six of the giant stars. Second, one M—II/III star
is totally incompatible with the SBCR, namely HD 236459 (red

point on the bottom-left panel of Fig. 8). Taking a look at this
star, its distance is found to be about 2.3 kpc (i.e. much further
than the distance of the other giants in our sample), leading to
a very high visible extinction of Ay = 1.80mag. This star has
been removed for the fit of the SBCR.

5.3. Validating our methodology with recent interferometric
measurements

To go further in the validation of our methodology, we selected
10 new stars for interferometric observations with both the
Precision Astronomical Visible Observations (PAVO) (Ireland
et al. 2008) and the Visible spEctroGraph and polArimeter
(VEGA) (Mourard et al. 2009, 2011) instruments. These instru-
ments are installed on the Center for High Angular Reso-
lution Astronomy (CHARA) array, in Mount Wilson, USA
(ten Brummelaar et al. 2005). Comparing interferometric mea-
surements from different instruments serves to support the
importance of such selection criteria to implement our SBCRs.
The ten stars were observed between July 2013 and August 2016
with PAVO, and from August 2012 to June 2019 with VEGA.
They have spectral types between G6 and K3. Eight of them are
giants, one is a sub-giant and one is a dwarf. The data analysis
and results of VEGA measurements are briefly presented here,
while the PAVO measurements, as well as a careful comparison
of the VEGA and PAVO data will be presented in a forthcom-
ing separate paper (Creevey et al., in prep.). For the data analy-
sis, we used the standard approach described in Mourard et al.
(2009, 2011). We fitted a limb-darkening model to the VEGA
visibility measurements using the LITpro software (Tallon-Bosc
et al. 2008). The ug linear to limb-darkening coefficient for each
star was found using the Claret & Bloemen (2011) catalogue.
Results are shown on the top part of Table 6. The correspond-
ing visibility curves are included in Fig. B.1 of the appendix. In
order to complete the analysis, we also added four giant stars,
recently observed by CHARA/VEGA and presented in Nardetto
et al. (2020). They compare their limb-darkened angular diame-
ters to the ones derived in the H-band with the Precision Inte-
grated Optics Near-infrared Imaging ExpeRiment (PIONIER)
(Le Bouquin et al. 2011) on VLTI Results are listed in the
bottom part of Table 6. The important point is that all stars in
Table 6 have been observed by two different instruments, and
the derived angular diameters are found to be consistent at the 1o
level. These limb-darkened angular diameters are thus extremely
robust.

Left and right panels of Fig. 9 show the ten stars observed
by VEGA and PAVO on their corresponding SBCR. We find that
these stars are not consistent with our relations at a level of up to
120. Looking at the selection criteria described in Sect. 3, these
stars should be rejected from the sample, because of multiplic-
ity, variability, and poor K photometry, as indicated in the Notes
column of Table 6. This result demonstrates the importance
of the selection criteria that we have defined. The four giant
stars observed by VEGA and PIONIER (Nardetto et al. 2020)
fulfill all the selection criteria. The results are shown in Fig. 10
above the F5/K7 giants’ relation. As expected, the measure-
ments are totally consistent with the SBCR at a level of ~1.5%.
This supports the existence of such selection criteria to constrain
SBCRs.

6. Conclusion and perspectives

We considered all the interferometric measurements of angular
diameters obtained so far in order to build accurate SBCRs. We
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Fig. 8. Surface brightness—colour relations based on the (G, G—K) photometric system. From top-left to bottom-right panel: SBCRs for F5/K7
giants, F5/K7 sub-giants/dwarfs, M giants, and M dwarfs. The shaded grey area corresponds to the 1-0- confidence interval computed according to

Eq. (A.5).

also refined the methodology by homogeneously applying a list
of selection criteria. Combining our new VEGA interferometric
measurements with those of Nardetto et al. (2020) and Creevey
et al. (in prep.), we demonstrated the coherence of our criteria
and the importance they have in the determination of the SBCRs.
The variability, the multiplicity, along with other stellar charac-
teristics diagnostics, or even the quality of the interferometric
observations, as well as the spatial frequency coverage, appear
to be of high importance in building consistent SBCRs.
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Using this approach, we reinforce the conclusion that the
surface brightness of a star depends on its spectral type and
its luminosity class, since our new SBCRs for giants and sub-
giants/dwarfs are inconsistent with each other at a level of up to
18% on the derived angular diameter, depending on the SBCR
considered. Using these criteria, we developed four SBCRs that
allow us to estimate angular diameters with an accuracy between
1% and 2%, as soon as the precision of the magnitude of the star
is better than 0.04 mag.
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Table 5. Parameters of the new SBCRs considering Gaia photometry.

Working box Number of data Relation (G-K) range O ims Expected X—f
[mag] [mag] [%]
F5/K7-11/111 69 Fg, = —0.1264.0,0010(G—K)o + 3.9084.00013  [0.50;2.40]  0.00249 1.15
F5/K7-1V/V 38 Fg, = —0.1406.0.0016(G—K)o + 3.9209.00014 [-0.10; 2.00]  0.00497 2.29
M-II/III 24 Fg, = —0.1272.40,0022(G—K)o + 3.9065.00062  [2.20; 4.40]  0.00524 2.41
M-V 15 Fg, = —0.1354.,0,0005(G—K)o + 3.9034.00067  [2.30;4.00]  0.00383 1.77

Notes. The (G—K) range column denotes the validity interval of the relation.

Table 6. Our new VEGA angular diameter measurements for ten stars (top) and VEGA measurements from Nardetto et al. (2020) (bottom).

Name Sp.type Ay (V-K)o Ug 6ip x>  Notes
[mag] [mag] [mas]
HD 167042 KI1III 0 24150042 0.649  0.831.9065 2.994 hK
HD 175740 GS8III 0 24840063 0.651 1.145.9012 0.635 M
HD 178208 K3III 0.053 2.869.00820 0.723 1.071.0011 0.480 SB
HD 180756 G8III 0.037  2.025.0040 0.635 0.683.9016 0.214 \Y
HD 181069 KI1III 0.062 24780040 0.692 0.763.9010 0.511 \"
HD 181597 KI1III 0 2.660.0290 0.695 0.892.0007 0.274 hK
HD 182896 KOIII 0.053 2.643.0006 0.707 0.71040024 0.375 \Y
HD 185657 G6V 0 23704000 0.641 0.726.0006 0.401 SB
HD 21467 KOIV 0 24330000 0.664 0.881.9017 0.473 M
HD 73665 G8III 0 21380018 0.660 0.621.9000 0.125 M
HD 13468 GIIII 0.028 2.248.0020 0.648 0.902.9017 1.600 —
HD 23526 GIIII 0.053 2.228.0020 0.652 0.920.9028 0.600 —
HD 360 G8III 0.028 2.311.900 0.680 0.888.9010 0.500 —
HD 40020 K2III 0.040 24340020 0.690 1.033.0022 0.400 —
Notes. We included a “Notes” column that refers to selection criteria if the star is concerned.
3.75 3.90 T T
HH  F5/K7-1/Il stars HH  F5/K7-IV/V stars
HH  Variable @ Spectroscopic Binary
o & Spectroscopic binary 3.85 H Multiple
3.70 HH  Multiple
o H+  High K uncertainty
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1.5 2.0 25 3.0 3.5 4.0 0.5 1.0 15 2.0 2.5 3.0
Vo — Ko (mag) Vo — K (mag)

3.5

Fig. 9. Left: relation for F5/K7 giant stars including the eight new VEGA measurements. Right: same for F5/K7 sub-giants/dwarfs with two new
VEGA measurements.

The objective is to use these SBCRs in the context of
PLATO, in order to infer the radii of stars and planets. Our
SBCRs were implemented consistently with the PLATO spec-

ifications in terms of spectral type and classes. Moreover, our
results are consistent in terms of precision with the PLATO
objectives since the spatial mission is expected to bring stellar
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Fig. 10. Relation for F5/K7 giant stars including the four VEGA mea-
surements from Nardetto et al. (2020).

radii measurements with less than 2% precision. However, our
sample of stars still has to be enlarged by an order to magni-
tude in order to improve the robustness of the SBCRs. Using the
Stellar Parameters and Images with a Cophased Array (SPICA)
instrument at the focus of the CHARA array, we expect to derive
the angular diameter of 800 stars in a few years with a 1% pre-
cision level (Mourard et al. 2018), which should definitively
improve our knowledge of SBCRs. In this context, using the
Gaia and 2MASS photometric systems, which both have the
largest databases, seems to be the best approach.

Since the Gaia photometry is among the most homogeneous
over the full sky, we calibrate SBCRs using this precise pho-
tometry for the first time. We reach a precision on the angular
diameter between 1.1% and 2.4%.
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Appendix A: Fitting strategy

In the traditional case, we suppose that only y is subject to mea-
surement error, and x is observed without error. In this work, we
built our fitting strategy around the orthogonal distance regres-
sion (ODR), which, contrary to the ordinary least-squares (OLS)
regression, considers both x and y errors, respectively errors on
the V—K colour and on the surface brightness Fy in our case. If
we consider that all variables x; and y; are respectively affected
by the errors 6; € R and ¢ € R, the representative model is then
written as

yi = f(xi+ 658 — &,

where S are the parameters of the fitted model, and N the num-
ber of measurements. The ODR method consists of finding the
parameter 8 that minimises the sum of orthogonal distances (that
we label as r here) between the data points and the fit. The con-
dition to be respected is

N

2 2
Z (‘%55 + We € ) .
i=1

where w; = 1/ o'l.2 is a weighting, introduced to compensate for
instance when y; and x; have unequal precision. The final accu-
racy of the relation is deduced from the rms o, that we com-
pute in the following way:

i€l;...;N, (A.1)

(A.2)

| —

r = min
B.o.€

N

]%f X Z (Fanx, - Fvﬁlf )2’

i=1

(A.3)

Orms =

where Fy,  is the measured surface brightness, and Fy, is the
fit deduced from the ODR method introduced above. We then
wanted to estimate the expected dispersion of surface bright-
nesses as a function of the V-K colour of the star, according
to our newly developed SBCR. Most authors compute the rms of
the relation and plot a constant expected accuracy around their
measurements. However, the weight of the measurements should
be taken into account. Indeed, the number of measurements at
a given colour indicates how precise the relation is. Following

Gallenne et al. (2017), we searched for the barycentre of the
measurements. To give clarity to our calculations, we note C as
the V—K colour. In this sense, the linear fit is written as follows:

Fy =a(C - Cy)+b, (A4)

where Cy is the barycentre of the measurements. The extrapo-
lated uncertainty on the model is then given by

or, =(C—Co)’o}+ 0}, (A.5)
where o, and o7, are, respectively, the uncertainties on the coef-
ficient a and b of the fit. The condition to be satisfied here is
finding Cy so that p = 0r%/0adb is zero, where 2 is the dis-
tance between the fit and the data. The coefficient p corresponds
to the correlation between a and b. With the previous condition,
Eq. (A.5) becomes

OF, = \/C20'Z + 0'2 +2p0,03C. (A.6)
For any dataset (Fy, + 0, C;) and any value of Cy, the corre-
lation p between a and b can be expressed as
3. Ci—Co
1

o?

. 812 /8adb _ : (A7)
V(6?12 [0a?) (67r%|0b?) \/ZA (G L |

p:

g

In order to simplify this equation into a more convenient
form for estimating an order of magnitude, we made some basic
assumptions. First, all the uncertainties o; on the surface bright-
ness are equal, and then we assume Cy = 0. In this particular
case, Eq. (A.7) becomes

oo %G (A.8)

JNIZ

This method has the advantage of carefully estimating the
extrapolated uncertainty of the linear model, depending on the
number of measurements made at a given colour. This indicates
that our SBCR will be more precise around the V-K colour
where most of the measurements were done.
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Appendix B: VEGA visibility curves
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Fig. B.1. Interferometric squared visibilities of the ten benchmark stars measured by VEGA. The continuous line shows the best fitting model for
a limb-darkened disc.
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Table B.1. VEGA observing log.

A&A 640, A2 (2020)

Star Date Peak AH A Amin -~ Amax By Arg SNR 3alm.+w
[yyyy-mm.dd] (h]  [nm] [nm] [nm]  [m] [deg]

HD 167042 2012.09.21 1 4.42 710 700 720 6478 —179.01 2490 0.823.0033+0.001
2012.09.22 1 2.32 710 700 720 65.55 —150.83 19.60 0.662.0034+0.001
2012.09.22 1 2.44 730 720 740 6548 15238 2.75  0.77710283+0.001
2013.07.29 1 4.77 710 700 720 @ 64.81 176.13 9.39  0.716.0076+0.001
2013.07.29 1 4.77 730 720 740  64.81 176.16 7.82  0.667.0085+0.001

HD 175740 2019.02.26 1 -5.08 710 700 720 36.93 -73.11 7.13  0.788.0.121+0.001
2019.02.26 1 -429 710 700 720 44.76 —83.32  10.55 0.777+0.074+0.001
2019.02.26 1 -336 710 700 720 52.73 -92.88 8.56  0.688.0.080+0.001
2019.05.04 1 =241 730 720 740  94.01 -52.38 8.92  0.319.0036+0.001
2019.05.04 1 -1.90 730 720 740  98.05 -59.11 8.46  0.222.0.026+0.001
2019.05.04 1 —-1.52 730 720 740 100.78 -63.76  6.43  0.235.0.037+0.001
2019.06.12 1 1.47 710 700 720 105.69 85.08 3.66  0.21010.039-0.001
2019.06.12 1 1.45 730 720 740 105.76 85.26 6.31  0.232.0.036+0.001
2019.06.12 1 1.85 710 700 720 103.77 81.14 4.02  0.233.0.028+0.001
2019.06.12 1 1.85 730 720 740 103.78 81.15 10.98  0.203.0.018+0.001
2019.06.12 1 2.64 710 700 720  98.21 72.58 4.83  0.21640.045+0.001
2019.06.12 1 2.63 730 720 740  98.31 72.72 8.08  0.233.0.029+0.001

HD 178208 2017.03.13 1 -321 710 700 720  93.97 -37.00 7.00  0.350.0.050+0.001
2017.03.13 1 -322 730 720 740 93.96 -36.97 6.66  0.365.0,055+0.001
2017.04.12 1 -3.61 710 700 720 91.95 -30.63 7.74  0.387.0.026+0.001
2017.04.12 1 -3.61 730 720 740 91.92 -30.54 679  0.340.0.029+0.001
2017.04.12 1 -323 710 700 720 9391 -36.83 6.46  0.323.0.017+0.001
2017.04.12 1 -322 730 720 740  93.93 -36.88 7.11  0.356.0016+0.001
2017.04.12 1 -2.83 710 700 720  96.07 -42.87 6.41  0.321.0.020+0.001
2017.04.12 1 -2.83 730 720 740  96.09 4292  7.01  0.350.0.045+0.001
2017.04.12 1 -245 710 700 720 @ 98.27 —-48.60 491  0.246.0.038+0.001
2017.04.12 1 -244 730 720 740  98.28 -48.64 449  0.224.0.048+0001
2017.04.12 1 -1.96 710 700 720 100.94 —55.38 5.12  0.256.0,020+0.001
2017.04.12 1 -1.96 730 720 740 100.94 —-55.38 5.93  0.296.0016+0.001
2017.04.12 1 -1.52 710 700 720 103.13 -61.16 6.21  0.307.0.050+0.001
2017.04.12 1 -1.52 730 720 740 103.13 -61.17 5.06  0.253.0.031+0.001
2017.04.12 1 —-1.15 710 700 720 104.74 —-65.83 5.64  0.282.0019+0.002
2017.04.12 1 -1.16 730 720 740 104.72 —65.78 5.25  0.265.0.022+0.001
2017.04.12 1 -0.66 710 700 720 10644 -71.87 5.10  0.255.0.027+0.001
2017.04.12 1 -0.66 730 720 740 10645 -71.90 4.15  0.209.0.026+0.001
2017.07.28 1 2.73 710 700 720 152.00 30.73 1.36  0.068.0.043+0.001
2017.07.28 1 2.73 728 718 738 152.00 30.73 1.11  0.056.0.038+0.001
2017.09.16 1 4.72 710 700 720  63.73 -3.26 11.65  0.638.0.055+0.001
2017.09.16 1 4.72 728 718 738  63.73 -3.25 7.02  0.711+0.101+0.001
2017.09.16 1 5.22 710 700 720  63.89 —-10.22 936  0.604.0.065+0.001

HD 180756 2017.06.21 1 -2.25 710 700 720 13947 88.52 3.67  0.336.0.092+0.003
2017.06.21 1 -225 730 720 740 13947 88.52 412 0.41140.100+0.004
2017.06.21 1 —-1.77 730 720 740 144.68 83.16 329  0.297.0.10420.007
2017.06.21 1 -1.31 710 700 720 148.81 78.04 398  0.304.0.076-0.002
2017.05.13 1 -3.19 730 720 740 94.20 -3730 576  0.717.0.129+0.001
2017.05.13 1 278 730 720 740  96.47 —-43.66 445  0.686.0.154+0.001
2017.05.13 1 -2.37 730 720 740  98.77 -49.64 6.75 0.724.0.107+0.001
2017.05.13 1 0.37 730 720 740 107.91 -83.85 3.69  0.558.0.151+0.001

HD 181069 2017.04.15 1 -1.71 710 700 720 147.01 78.36 11.80  0.244.0.099:0.004
2017.04.15 1 -1.29 710 700 720 150.93 74.72 11.56  0.210+0.066+0.003
2017.04.15 2 -1.23 710 700 720 102.03 —-67.84 17.15 0.546.0032+0.007
2017.04.15 2 —-1.24 730 720 740 102.00 -67.79 19.07 0.519.0.027+0.006
2017.04.15 2 -0.69 710 700 720 105.14 -73.62 13.87 0.514.0037+0.007
2017.04.15 2 -0.69 730 720 740 105.10 —=73.55 14.70  0.495.0.034+0.006
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Table B.1. continued.

Star Date Peak AH P Amin  Amax B, Arg SNR czalmmys‘
[yyyy-mm.dd] [h]  [nm] [nm] [nm]  [m] [deg]
2017.0415 1 =309 710 700 720 8635 4355 12.07 0.697.005850007
2017.0415 1 =310 730 720 740 8623 —4334 1350  0.627.0059:0006
2017.04.15 1 -2.67 1710 700 720 90.17 —-49.83 14.39  0.662 .0 .046+0.006
2017.0415 1 -268 730 720 740  90.11 —4974 918  0.601.0066s0005
2017.0513 1 -149 730 720 740 10023 —64.94 617  0.522.0085:0006
HD 181597  2019.03.14 1 —405 710 700 720 4782 —-7830 8.64  0.803.0085x0001
2019.03.14 1 —405 730 720 740 4788 —7841 1036  0.78%.0065:0001
2019.03.14 1 =331 710 700 720 53.12 —-87.57 3.80  0.796.0206:0001
2019.03.14 1 -3.35 730 720 740 52.83 -87.06 6.29  0.874.0.139+0.001
2019.03.14 1 -266 730 720 740 5705 9484 823  0.805.0098:0001
2019.05.04 1 —-098 710 700 720 10533 —68.00 1370 0.355000650001
2019.05.04 1 -0.99 730 720 740 105.31 -67.92 9.69  0.404.0.04220.001
2019.05.04 1 —-059 710 700 720 1066 7277 10.69 0.391.003720001
2019.05.04 1 -058 730 720 740 10662 7285 10.16 0.391.0038:0001
2019.05.04 1 -0.13 710 700 720 107.56 -78.12 9.48  0.387.0.041+0.001
20190615 1 169 710 700 720 10514 8090 1233  0.404.003320001
2019.06.15 1 171 730 720 740 10507 80.69  9.98  0.408.0041:0001
2019.06.15 1 2.11 710 700 720 103.23 75.97 7.06  0.435.0.06220.001
2019.0615 1 210 730 720 740 10328 7608 737  0.388.005550001
2019.06.15 1 258 730 720 740 100.51  70.10  6.14  0.431.0070:0001
HD 182896 2016.07.29 1 4.08 705 695 715  134.60 13.01 2.10  0.282.0.134+0.004
20160729 1 451 685 675 695 13341 607 241  0.349.0 14150005
20160729 1 451 705 695 715 13341 607 299  0.294.0008:0005
2016.07.29 1 4.90 705 695 715  133.08 -0.38 3.52  0.433.012320010
2016.08.21 1 244 685 675 695 14464 3685  5.04 0316200650006
HD 185657  2015.0830 2 309 685 675 695 15047 2589 289  0.212.0075:000
20150830 2 469 685 675 695 14727 276 475  0.255.005120005
20150830 2 523 685 675 695 14737 =532 426  0.21610050:0000
20150830 2 524 705 695 715 14737 =536 692  0.284.00415000
2016.07.29 1 1.77 705 695 715  154.61 -136.84 536  0.220.0.041+0.001
20160729 1 177 685 675 695 15461 —136.84 320  0.202.0063:0004
20160729 1 226 705 695 715 15317 —143.03 426  0.206.001550005
2016.07.29 1 2.75 685 675 695 15156 —149.53 5.03  0.194.0.039+0.004
20160729 1 275 705 695 715 15156 —149.53 157  0.200.0127:0005
20160821 1 122 685 675 695 15580 —130.14 476  0.206.008350001
2016.08.21 1 122 705 695 715 15580 —130.14 4.18  0.209.005050001
20160821 1 270 685 675 695 15174 —148.81 2.0  0.16640082:0004
20160821 1 270 705 695 715 15174 14881 791  0.238,0050:0005
2016.10.01 1 065 685 675 695 15627 —12349 8.62  0.245.0008:0001
20161001 1 063 705 695 715 15627 —12326 578  0.268.0046s0001
20161001 1 107 685 675 695 15601 —12829 619  0.192.003150001
2016.10.01 1 1.05 705 695 715  156.04 —128.13 497  0.196.0.039+0.001
HD21467  2017.09.17 1 —054 705 695 715 10422 —78.86 8.61  0.430.0055:0001
2017.0917 1 —-056 725 715 735 10411 —7875 8.67  0.439.005120001
2017.09.17 1 —0.11 725 715 735 10654 —-81.58 630  0.432.0068:0001
2017.09.17 1 057 705 695 715 10791 —-85.64 720  0.360.0037s0001
2017.0017 1 057 725 715 735 107.92 -85.62 8.62  0.431.008950001
2017.09.17 1 097 705 695 715 10740 —-87.91  7.61  0.381.0045:0001
2017.09.17 1 097 725 715 735 10739 —-87.93  7.93  0.397.0047s0001
2017.1013 1 015 705 695 715 6473 —12349 822  0.669.008150001
2017.10.13 1 0.87 705 695 715 62.39 —129.25 993  0.717.0.072+0.001
2017.10.13 1 088 725 715 735 6234 —12935 593  0.787.0133:0001
2017.1013 1 135 705 695 715 6035 —133.68 841  0.729.008750001
2017.10.13 1 1.34 725 715 735 60.36 —133.66 5.57 0.715.0.128+0.001
2017.10.17 1 -030 705 695 715 10565 8040 614  0.307.00050001
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Table B.1. continued.

A&A 640, A2 (2020)

Star Date Peak AH A Amin Amax B, Arg SNR czalﬂm,,s[
[yyyy-mm.dd] [h]  [om] [nm] [nm]  [m] [deg]
2017.1017 1 -030 725 715 735 10566 —-8041 636  0.318.0023:0001
2017.10.17 1 011 705 695 715 10729 —8291  7.19  0.359.001950001
2017.10.17 1 0.11 725 715 735 10729 -82091 7.95  0.397.0.034+0.001
2017.1017 1 052 705 695 715 10791 —-8532 742  0.371.002150001
2017.10.17 1 052 725 715 735 10791 —8532 863  0.432.0 050001
2017.12.09 1 189 705 695 715 5770 —139.60 457  0.644.0 14150008
2017.12.10 1 -364 725 715 735 5236 —10526 1341  0.822.006120005
HD 73665 2018.04.26 1 2.51 705 695 715  126.21 —-137.82  6.02  0.511.0,085+0.004
2018.04.26 1 2.96 705 695 715  119.37 -144.11 7.31  0.578.0.079+0.005
20180426 1 298 725 715 735 11914 3567 640  0.517.008120008
2018.1021 1 -569 710 700 720 6822 17129 735  0.862+01170001
2018.10.21 1 —863 710 700 720 82.18  84.62 484  0.733.015150000
2018.10.21 1 —149 730 720 740 9472 10658 440  0.705.0 16050001
2018.10.21 1 —1.03 710 700 720 99.82 7659 7.54  0.67310030:000
2018.10.21 1 102 730 720 740 9995 10332 404  0.649.0 16120001
2018.12.16 1 200 710 700 720 13379 4808  4.65  0.466.0100:0004
2018.12.16 1 242 710 700 720 12750 4324 495  0.488.0009:0004
2018.12.16 1 244 730 720 740 12722 43.02 422 0.51440122:0003
2018.12.16 1 284 730 720 740 121.16  37.67  8.05  0.571.0106:0004
2018.12.16 1 325 710 700 720 11530 3143 585  0.648.0080:0006
2018.12.16 1 324 730 720 740 11540 3155 527  0.557.015350004
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