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ABSTRACT

Context. The predicted orbital-period distribution of the subdwarf-B (sdB) population is bi-modal with peaks at short (<10 days) and
long (>500 days) periods. Observationally, many short-period sdB systems are known, but only few wide sdB binaries have been
studied in detail. Based on a long-term monitoring programme the wide sdB sample has been increased, discovering an unexpected
positive correlation between the eccentricity and orbital period.
Aims. In this article we present the orbital solution and spectral analysis of four new systems, BD−7◦5977, EC 11031–1348,
TYC 2084–448–1 and TYC 3871–835–1, and update the orbital solution of PG 1104+243. Using the whole sample of wide sdB
binaries, we aim to find possible correlations between orbital and spectral properties. The ultimate goal is to improve theoretical
models of Roche-lobe overflow.
Methods. High-resolution spectroscopic time series were obtained to determine the RVs of both the sdB and main sequence (MS)
components. Literature photometry was used to construct the spectral-energy distributions, which were fitted with atmosphere models
to determine the surface gravities and temperatures of both components in all systems. Spectral parameters of the cool companion
were verified using the GSSP code. Furthermore the amount of accreted mass was estimated.
Results. Orbital parameters matching the earlier observed period−eccentricity relation were found for three systems, while
TYC 2084–448–1 is found to have a lower eccentricity than expected from the period−eccentricity trend indicated by the other
systems. Based on new observations, the orbit of PG 1104+243 has a small but significant eccentricity of 0.04± 0.02, matching that
of the other systems with similar periods. Furthermore, a positive correlation between accreted mass and orbital period was found, as
well as a possible relation between the initial mass-ratio and the final period−eccentricity.
Conclusions. The wide sdB-binary sample shows interesting possible correlations between orbital and spectral properties. However,
a larger sample is necessary to statistically validate them.

Key words. binaries: spectroscopic – stars: evolution – stars: fundamental parameters – subdwarfs – techniques: radial velocities

1. Introduction

Hot subdwarf-B (sdB) stars are core-helium-burning stars with a
very thin hydrogen envelope (MH < 0.02 M�), and a mass close
to the core-helium-flash mass ∼0.47 M� (Saffer et al. 1994;
Brassard et al. 2001). These hot subdwarfs are the main source
for the UV-upturn in early-type galaxies (Green et al. 1986;
Greggio & Renzini 1990; Brown et al. 1997), and are found
in all galactic populations. Furthermore, Heber (1998) discov-
ered that the chemical peculiarities in the photospheres of sdB
stars, including the strong He-depletion, are caused by diffusion
processes.

To ignite He-burning in the core while at the same time not
have sufficient hydrogen remaining to sustain H-shell burning,
the sdB progenitor needs to lose most of its hydrogen envelope
near the tip of the red-giant branch (RGB). A variety of differ-
ent possible formation channels has been proposed, but the cur-
rent consensus is that sdB stars can only be formed through bi-
nary interaction. The main binary formation channels thought to
contribute to the sdB population are the common-envelope (CE)
ejection channel (Paczynski 1976; Han et al. 2002), the stable
Roche-lobe overflow (RLOF) channel (Han et al. 2000, 2002),

and the formation of an single sdB star as the end product of a
binary white-dwarf (WD) merger (Webbink 1984).

Based on binary-population-synthesis (BPS) studies includ-
ing the CE-ejection channel, the stable-RLOF channel and the
WD merger scenario, Han et al. (2002, 2003) and Chen et al.
(2013) found that the CE-ejection channel produces close bi-
naries with periods on the order of hours to a few days. The
RLOF channel produces wide sdB binaries with periods up to
∼1600 day, and the WD-merger channel leads to single sdB stars
with a potentially higher mass. A detailed review of hot subdwarf
stars is given by Heber (2016).

The short-period sdB binaries have been the focus of many
observational studies, and more then 150 of these systems are
currently known (Kawka et al. 2015; Kupfer et al. 2015, and
references therein). The observed properties of these post-CE
sdB binaries correspond well with the results of BPS studies.
However, the first observational results of wide sdB binaries
based on long-term observing campaigns have only recently
been published (Deca et al. 2012; Vos et al. 2012, 2013; Barlow
et al. 2013).

This article presents the results of the long-term observ-
ing programme with the Mercator telescope started in 2009
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(Gorlova et al. 2014). Four sdB binaries included in the pro-
gramme have solved orbits, and were presented in Vos et al.
(2012, Paper I) and Vos et al. (2013, Paper II). Here, we present
the orbital solution, and a spectral analysis for the two systems
of which preliminary orbits have been published (BD−7◦5977
and TYC 3871–835–1, Vos et al. 2014), and two previously
unpublished systems (EC 11031–1348 and TYC 2084–448–1).
Furthermore, the orbital solution of PG 1104+243 is refined
based on the latest spectra. The orbital solution of these five sys-
tems is presented in Sect. 2. The spectral energy density (SED)
of the four systems, and the derived atmospheric parameters are
given in Sect. 3, while the atmospheric parameters determined
from fitting the spectra using the grid search in stellar parame-
ters (GSSP) package are discussed in Sect. 4.

The only other wide sdB binaries published in the litera-
ture with solved orbits are PG 1018-047 (Deca et al. 2012, and
in prep.), PG 1449+653 and PG 1701+359 (Barlow et al. 2013).
Together with the eight systems presented in this series, the total
wide sdB binary sample consists of eleven systems. An overview
of the main parameters of these systems is given in Sect. 5, based
on which an estimate of the mass accreted by the cool companion
during the RLOF phase of the sdB progenitor is made. In Sect. 6
the period−eccentricity distribution of all currently known wide
sdB-binaries is discussed.

2. Spectroscopy

High resolution spectroscopic observations of BD−7◦5977,
EC 11031–1348, TYC 2084–448–1, TYC 3871–835–1 and
PG 1104+243 were obtained with the High Efficiency and
Resolution Mercator Echelle Spectrograph (HERMES,
R = 85 000, 3770–9000 Å, Raskin et al. 2011) spectrograph
at the 1.2 Mercator telescope at the Roque de los Muchachos
Observatory, La Palma. The observing method is unchanged
from Paper I and Paper II. The high-resolution mode of
HERMES was used, and Th-Ar-Ne exposures were made at the
beginning, middle and end of the night. The exposure time was
calculated to reach a signal-to-noise ratio (S/N) of 25 or higher
in the V band. The reduction of the spectra was performed using
the fifth version of the HERMES pipeline, which includes the
barycentric correction.

In total there are 45 spectra of BD−7◦5977, 52 spectra of
EC 11031–1348, 51 spectra of TYC 2084–448–1, 57 spectra of
TYC 3871–835–1 and 99 spectra of PG 1104+243. All observa-
tions were taken between June 2009 and September 2016.

2.1. Radial velocities

The determination of the radial velocities (RVs) of the main se-
quence (MS) component is straightforward as they have many
clear metal lines visible in the spectra. Even with a low S/N,
accurate velocities can be derived. For the systems with a slow
rotating MS component, the cross-correlation (CC) method of
the HERMES pipeline, based on a discrete number of line po-
sitions, is used. The sdB component only has a few H and
He lines, which are avoided in this cross-correlation. The CC
function is used on orders 55–74 (4780–6530 Å) as these orders
give the best compromise between maximum S/N and absence
of telluric lines. The errors on the RVs are calculated taking
into account the formal errors on the Gaussian fit to the nor-
malised CC function and the error due to the stability of the
wavelength calibration. See Paper I, Sect. 2 for more details of
this procedure.

In the case of a fast rotating MS component, a cross-
correlation with a template spectrum is used. This template
spectrum is calculated based on an estimate of the spectral pa-
rameters for these systems, and in a second iteration based on
the spectral parameters determined for these systems using the
GSSP code and the SED fitting approach (see Sect. 4). The cross
correlation is preformed on the same wavelength range (4780–
6530 Å), and the errors are determined by using a Monte Carlo
(MC) approach. Gaussian noise is added to the spectrum, after
which the CC is repeated, and the error is determined by the stan-
dard deviation of the different RVs calculated in 250 iterations.

Determining the RVs of the sdB components is more chal-
lenging as the only non-contaminated line is the He i blend at
5875.61 Å. To increase the S/N, spectra taken with only a few
days in between are co-added together. The period for which
spectra are co-added depends on the system, but does not ex-
ceed 50 days. This is equivalent to 5% of the orbital period,
thus the amount of smearing or broadening of the He line is
small. To obtain the RVs, the He i line is cross correlated with
a high-resolution synthetic sdB spectrum (Teff = 30 000 K,
log g = 5.50 dex) from the LTE grids of Heber et al. (2000),
matched to the resolution of the HERMES spectra. The error is
determined using the same MC method used for the fast rotating
MS components. A more elaborate explanation of the RV cal-
culations is given in Paper I, Sect. 2. The exact procedure used
for the individual systems is described in Sect. 2.3. The RVs for
both the MS and sdB components are given in Tables A.1−A.5,
and are plotted in Figs. 1 and 2.

2.2. Orbital parameters

To calculate the orbital parameters of the sdB and MS compo-
nents we followed the same method as described in Paper I and
Paper II. Fitting a Keplerian orbit with eight free parameters, the
orbital period (P), time of periastron (T0), eccentricity (e), an-
gle of periastron (ω), and for both components their amplitudes
(KMS and KsdB) and systemic velocities (γMS and γsdB), to the
RV measurements. The resulting parameters and their errors are
given in Table 1, and the best fitting Keplerian orbits are shown
in Figs. 1 and 2.

2.3. Results

The method to derive the RVs from the HERMES spectra and
the calculated orbital parameters for each system are discussed
below.

BD−7◦5977: the companion in this system is a subgiant (SG),
which dominates the spectrum at all observed wavelengths.
The spectral lines of the SG are sharp, thus the HERMES CC
function was used with an Arcturus template. The average
RV error is 0.003 km s−1 which is due to the many sharp lines
of the SG. To determine the RVs of the sdB, the spectra taken
within a period of 50 days (4% of the orbital period) are co-
added to increase the S/N. The He i line at 5875.61 Å shows
some contribution of the SG. To diminish this effect, a syn-
thetic spectrum of the SG component around the He i line,
shifted to the velocity of the companion, is subtracted from
the observed spectra before the cross correlation. The aver-
age error on the RVs of the sdB is 2 km s−1.
BD−7◦5977 has an orbital period of 1262± 1 days and an
eccentricity of 0.16± 0.01. Due to the small errors on the
RVs of the SG component, the period and eccentricity can
be determined with high accuracy. The large errors on the
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Fig. 1. The RV curves and residuals (O−C) of BD−7◦5977, EC 11031–1348, TYC 2084–448–1 and TYC 3871–835–1. The RVs of the cool
companion are plotted in green filled circles, while those of the sdB are shown in open blue squares. The best fitting Keplerian orbit is shown in
red full line for the cool companion and red dashed line for the sdB.

Table 1. Spectroscopic orbital solutions for both the main-sequence (MS) and subdwarf-B (sdB) component of BD−7◦5977, EC 11031–1348,
TYC 2084–448–1, TYC 3871–835–1 and PG 1104+243.

Parameter BD−7◦5977 EC 11031–1348 TYC 2084–448–1 TYC 3871–835–1 PG 1104+243
P (d) 1262 ± 1 1099 ± 6 1098 ± 5 1263 ± 5 755 ± 3
T0 (d) 2 454 971 ± 4 2 456 600 ± 20 2 456 054 ± 58 2 454 075 ± 18 2 450 480 ± 8
e 0.16 ± 0.01 0.17 ± 0.03 0.05 ± 0.03 0.16 ± 0.02 0.04 ± 0.02
ω 5.5 ± 0.1 3.9 ± 0.1 5.63 ± 0.33 2.83 ± 0.08 0.70 ± 0.02
q (sdB/MS) 0.4 ± 0.1 0.36 ± 0.02 0.51 ± 0.02 0.54 ± 0.05 0.70 ± 0.02
KMS (km s−1) 2.62 ± 0.01 5.55 ± 0.15 6.30 ± 0.10 2.31 ± 0.04 4.42 ± 0.04
γMS (km s−1) –8.62 ± 0.00 –14.75 ± 0.08 –15.56 ± 0.06 –14.98 ± 0.02 –15.59 ± 0.06
MMS sin3 i (M�) 0.06 ± 0.03 0.77 ± 0.07 0.48 ± 0.03 0.02 ± 0.01 0.057 ± 0.002
aMS sin i (R�) 64 ± 15 120 ± 6 136 ± 5 56 ± 3 66 ± 1
KsdB (km s−1) 6.2 ± 1.0 15.5 ± 0.6 12.25 ± 0.30 4.24 ± 0.20 6.34 ± 0.2
γsdB (km s−1) –5.5 ± 1.0 –11.4 ± 0.3 –13.30 ± 0.20 –13.36 ± 0.12 –13.8 ± 0.2
MsdB sin3 i (M�) 0.03 ± 0.01 0.28 ± 0.04 0.25 ± 0.02 0.010 ± 0.005 0.039 ± 0.004
asdB sin i (R�) 152 ± 25 330 ± 12 330 ± 11 104 ± 8 95 ± 2

Notes. The parameters are: orbital period (P), time of periastron (T0), eccentricity (e), angle of periastron (ω), mass ratio (q) and for both component
the amplitude (K), system velocity (γ), reduced mass (M sin3 i) and the reduced semi-major axis (a ∼ i).
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RVs of the sdB component result in a high uncertainty on
the derived amplitude and mass ratio (q = 0.4 ± 0.1). The
average O-C for the SG companion is σSG = 0.04 km s−1,
while for the sdB it is much higher at σsdB = 1.8 km s−1.

EC 11031–1348: with a V-magnitude of 11.5, this system is
faint for HERMES, and the MS component is a fast rota-
tor. To determine the RVs of the MS component, all spectra
taken within 10 days are co-added to increase the S/N, and
a cross correlation with a rotationally broadened synthetic
spectrum was used. The average error for the MS component
is 0.28 km s−1. The He i line of the sdB component is weak,
but is not contaminated by any lines from the companion.
To increase the S/N, spectra within 50 days are co-added.
The average RV error for the sdB component is 1.4 km s−1.
The derived orbital period is 1099± 6 days and it has an ec-
centricity of 0.17± 0.03. Both the spread of the MS RVs,
σMS = 0.4 km s−1, and the sdB RVs, σsdB = 2.0 km s−1, are
the largest compared to the other three systems.

TYC 2084–448–1: this system also contains a fast rotating MS
companion. Spectra taken within 20 days were co-added, and
a cross correlation with a rotationally broadened synthetic
spectrum was used to determine the MS RVs. The average
RV error for the MS component is 0.10 km s−1. To determine
the RVs of the sdB, all spectra within 50 days were co-added.
The average sdB RV error is 0.78 km s−1.
The period of this system is very close to that of EC 11031–
1348, P = 1098 ± 5 days, but the eccentricity is much
lower, e = 0.05 ± 0.03. The eccentricity test shows that the
chance of this orbit to be circular is less than 1%. The aver-
age O−C for the MS and sdB components are respectively
σMS = 0.3 km s−1 and σsdB = 0.8 km s−1.

TYC 3871–835–1: the companion is a slowly rotating solar like
star, thus the HERMES CC function was used on the original
spectra, with a G2 type template. The average RV error for
the MS component is 0.05 km s−1. For the sdB component,

spectra within 50 days are co-added, resulting in an average
sdB RV error of 0.60 km s−1.
This system has one of the longest orbital periods of 1263 ±
5 days, and an eccentricity of 0.16 ± 0.02. Both the MS and
sdB RVs fit the Keplerian curves well with an average O–C
of σMS = 0.1 km s−1 and σsdB = 0.8 km s−1.

PG 1104+243: this system has already been analysed in Paper I.
The companion is a solar type star which shows small but
significant deviations from the periodic signal in the RV
curves. As this star is not in any known instability strip of
the HR diagram, but is very close to the sun in both ef-
fective temperature and surface gravity, the variations were
attributed to spots. With the new spectra that cover multi-
ple orbits, the effects of spots can be minimised by merging
spectra together based on orbital phase. The orbital period
of this system is well known as there are RV measurements
available from earlier epochs. Based on this orbital period,
the spectra are co-added in phase bins of 0.02, resulting in
25 phase added spectra. The RVs of the MS component of
these spectra are determine using the HERMES CC func-
tion with a G2 type template, and their average error is
0.032 km s−1. The calculation of the sdB RVs is done on
the same phase binned spectra. The average sdB RV error
is 0.78 km s−1. In Fig. 2, the original and phased-added RVs
are shown next to each other, together with the best fitting
Keplerian curve. The spread of the residuals is significantly
smaller for the phase-added spectra.
Most of the orbital parameters have not changed with respect
to those presented in Paper I, but with the new RVs, the or-
bit is found to have a small eccentricity of 0.04 ± 0.02. The
eccentricity test indicates that the chance of a circular orbit
is less then 1%. The O–C values for the original measure-
ments are σMS = 0.5 km s−1 and σsdB = 1.2 km s−1, while
those for the phase-added spectra are σMS = 0.08 km s−1 and
σsdB = 0.5 km s−1.
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3. Spectral energy distribution

The spectral energy distribution (SED) of the systems can be
used to determine the effective temperature and surface gravity
of both the MS and sdB component. This is done by fitting model
SEDs to the photometric SEDs.

3.1. Photometry

We collected photometry for all four systems from the sdB
database1 (Østensen 2006), which contains a compilation of data
on hot sdB stars from the literature. These photometric mea-
surements are supplemented with photometry obtained from the
AAVSO Photometric All-Sky Survey (APASS) DR9 (Henden
et al. 2016) and 2MASS (Skrutskie et al. 2006). The obtained
photometry for each target is listed in Appendices B.1 to B.4.
Accurate photometric measurements at both short and long
wavelengths are used to establish the contribution of the hot sdB
component and the cool MS component.

3.2. SED fitting

The SED fitting method is the same as described in Paper I,
Sect. 3 and Paper II, Sect. 3.2. The observed photometry is fitted
with a synthetic SED integrated from model atmospheres. For
the MS component Kurucz atmosphere models (Kurucz 1979)
ranging in effective temperature from 3000 to 9000 K, and in sur-
face gravity from log g = 2.0 dex (cgs) to 5.0 dex (cgs) are used.
For the hot sdB component TMAP (Tübingen NLTE Model-
Atmosphere Package, Werner et al. 2003) atmosphere models
with a temperature range from 20 000 K to 50 000 K, and log g
from 5.0 dex (cgs) to 6.5 dex (cgs) are used.

To fit the model SEDs to the photometric observations, we
use the two step method described in Paper I and Paper II.
This method consists of a grid based fitting approach described
in Degroote et al. (2011), where the entire parameter space is
scanned by randomly selecting 5 000 000 points in the parameter

1 http://catserver.ing.iac.es/sddb/

space and calculating the χ2. The 50 grid points with the lowest
χ2 are used as starting point for a least-squares minimiser which
determines the final result.

In total the SED fit needs to consider eight parameters: the ef-
fective temperatures (Teff,MS and Teff,sdB), surface gravities (gMS
and gsdB) and radii (RMS and RsdB) of both components, the in-
terstellar reddening E(B − V) and the distance (d) to the system.
The E(B − V) of both components is considered equal. The dis-
tance to the system is calculated by scaling the synthetic models
to the photometric observations. Because the mass-ratio of the
binary is known, the radii of both components can be coupled to
their surface gravity, reducing the number of free parameters to
six (Paper I, Sect. 3).

3.3. Results

The SED fit for PG 1104+243 is described in Vos et al. (2012).
As the mass ratio did not change with respect to the RV curve
given in that article, the SED results will remain the same as
well. The resulting spectral parameters for the other four sys-
tems are given in Table 2, while the individual fits are shown in
Figs. 3–6. The SED fits for each system are discussed below.

BD−7◦5977: the subgiant companion is clearly visible in the
SED, as it dominates the SED up until the U band. Next to
the photometry from APASS and 2MASS, also Strömgren
photometry from the Space lab-1 Very Wide Field Survey
of UV-excess objects (Viton et al. 1991) is available for this
object. There is a Gaia parallax available for BD−7◦5977,
which could be used to fix the distance when fitting the SED.
However, because this is a binary system, with an orbital pe-
riod longer then the Gaia observing time frame, the orienta-
tion of the centre of light would change during the parallax
observations. This effect would first have to be studied and
quantified before an accurate distance can be derived for bi-
nary systems from the Gaia parallax. We aim at doing this in
a future article.
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1

2

3

4

5

λ
F
λ
·1

0
1
0

(e
rg

/s
/c

m
)

sdB

MS

20 25 30 35 40 45 50
5.0

5.2

5.4

5.6

5.8

6.0

6.2

6.4

lo
g
g

(c
gs

)

6.0 6.2 6.4 6.6 6.8

Teff (kK)

3.0

3.5

4.0

4.5

lo
g
g

(c
gs

)

0

20

40

60

80

100

P
ro

ba
bi

lit
y

sdB

MS

EC 11031− 1348

Fig. 4. As Fig. 3 but for EC 11031–1348.
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Fig. 5. As Fig. 3 but for TYC 2084–448–1.

For the SG companion we find an effective temperature of
4850± 250 K and a surface gravity of 2.80 ± 0.40 dex. The
confidence interval for the SG component is roughly follow-
ing a Gaussian distribution. However, the parameters of the
sdB component are less well constrained, due to the ma-
jority of the light in the fitted region originating from the
SG component. This is reflected in the confidence intervals,
which show a large spread of equally possible spectral pa-
rameters. The best fitting being, Teff,sdB = 30 000 ± 7000 K
and log gsdB = 5.20 ± 0.60 dex.

EC 11031–1348: together with the APASS and 2MASS pho-
tometry also Johnson U, B and V measurements from
the Edinburgh-Cape Blue Object survey of Kilkenny et al.
(1997) are available. The uncertainties on the APASS pho-
tometry are larger than for the APASS photometry of the
other three systems. The addition of the Johnson photome-
try helps making up for the larger errors. The SED fit re-
sults in an effective temperature of 28 000± 5000 K and

6600 ± 400 K for respectively the sdB and the cool com-
panion. The surface gravities found are log gsdB = 5.60 ±
0.50 dex and log gMS = 4.0 ± 0.50 dex respectively. The best
fitting surface gravity of 4.0 dex for the MS component is
low for an F5-type star, but the errors are large enough to
allow for a higher log g.

TYC 2084–448–1: only APASS and 2MASS photometry is
available for this system. The SED fit shows Teff =
24 000 ± 6000 K and log g = 5.70 ± 0.60 dex for the sdB,
while the F-type companion has an effective temperature of
6450± 600 K and a surface gravity of 4.40± 0.60 dex. The
lack of available U-band photometry somewhat increases the
confidence intervals for the sdB component. This is also no-
ticeable in the case of TYC 3871–835–1.

TYC 3871–835–1: as with TYC 2084–448–1, only APASS and
2MASS photometry could be found for this system, and U-
band photometry is lacking. Again an F-type companion is
found with Teff = 6500± 500 K and log g = 4.30± 0.70 dex,
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Fig. 6. As Fig. 3 but for TYC 3871–835–1.

Table 2. Spectral parameters derived from the SED fits and the GSSP analysis of BD−7◦5977, EC 11031–1348, TYC 2084–448–1 and TYC 3871–
835–1.

Parameter BD−7◦5977 EC 11031–1348 TYC 2084–448–1 TYC 3871–835–1
SED analysis

Teff,MS (K) 4850 ± 250 6600 ± 400 6450 ± 600 6500 ± 500
log gMS (dex) 2.80 ± 0.40 4.00 ± 0.50 4.40 ± 0.60 4.30 ± 0.70
Teff,sdB (K) 30 000 ± 7000 28 000 ± 5000 25 000 ± 7000 24 000 ± 7000
log gsdB (dex) 5.20 ± 0.60 5.60 ± 0.50 5.70 ± 0.70 5.80 ± 0.70
Dilution 0.84 ± 0.15 0.86 ± 0.10 0.82 ± 0.12 0.79 ± 0.14

GSSP analysis
Teff (K) 4800 ± 100 6400 ± 250 6300 ± 200 6200 ± 150
log g (dex) 3.00 ± 0.40 4.30 ± 0.50 4.50 ± 0.40 4.40 ± 0.30
[Fe/H] (dex) –0.20 ± 0.10 0.20 ± 0.20 –0.10 ± 0.10 0.10 ± 0.10
vr sin i (km s−1) 9 ± 1 70 ± 4 51 ± 2 15 ± 1
Dilution 0.72 ± 0.05 0.84 ± 0.10 0.75 ± 0.05 0.65 ± 0.02

Notes. The errors of the parameters derived with GSSP are 1σ errors. The dilution factor given for the SED fit is the dilution of the cool companion
calculated in wavelength range 5800–6500 Å, and is included to provide easy comparison with the GSSP dilution factor.

while the sdB component has Teff = 25 000 ± 5000 K and
log g = 5.80 ± 0.70 dex.

With the exception of the SG component in BD−7◦5977, the un-
certainties on the parameters derived from the SED fits are large.
In the current sed fitting algorithm, the models are scaled to the
observations by changing the distance. However, as Gaia par-
allaxes become available, and a correct distance can be derived
also in the case of long-period binaries, the added constraints
on the distance will significantly reduce the uncertainties on the
SED parameters by forcing the luminosity of the model to match
the observed luminosity and the additional constraint will reduce
the correlation between surface gravity (radius) and temperature
of both components.

4. GSSP

A spectroscopic analysis using the grid search in stellar param-
eters (GSSP) package was performed to determine the atmo-
spheric parameters of the cool companions. This analysis was

performed on a master spectrum created by shifting all spectra to
the rest velocity of the cool companion and then summing them.
The lines of the hot component are then smeared out but as they
are few, this did not hamper our analyses of the cool component.

4.1. The GSSP code

The GSSP software package (Tkachenko 2015) is based on a
grid search in the fundamental atmospheric parameters and (op-
tionally) individual chemical abundances of the star (or binary
stellar components) in question. It uses the method of atmo-
sphere models and spectrum synthesis, which assumes a compar-
ison of the observations with each theoretical spectrum from the
grid. For the calculation of synthetic spectra, the SynthV LTE-
based radiative transfer code (Tsymbal 1996) and a grid of atmo-
sphere models pre-computed with the LLmodels code (Shulyak
et al. 2004) are used.

GSSP allows for optimisation of six stellar parameters at
a time: effective temperature (Teff), surface gravity (log g),
metallicity ([Fe/H]), micro-turbulent velocity (vmicro), projected
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Fig. 7. Observed normalised and co-added HERMES spectra (black full line) and the best fitting GSSP model (red dotted line) for a section of the
wavelength range used to determine the spectroscopic parameters with the GSSP code.

rotational velocity (vr sin i) and the dilution (FMS/Ftotal) of the
star. The synthetic spectra can be computed in any number of
wavelength ranges, and each considered spectral interval can be
from a few Angstrom up to a few thousands Angstrom wide.
The grid of theoretical spectra is built from all possible combi-
nations of the above mentioned parameters. Each spectrum from
the grid is compared to the observed spectrum of the star and the
chi-square merit function is used to judge the goodness of fit.
The code delivers the set of best fit parameters, the correspond-
ing synthetic spectrum, and the chi-square values for each grid
point.

4.2. Results

The GSSP analysis was performed on the wavelength range of
5800–6500 Å, as these ranges give the best compromise between
a high S/N, and a high contribution of the cool companion. The
spectral regions in this range that can contain lines from the sdB
component are ignored.

The ranges of the model grid used in the analysis are given
in Table 3. The micro-turbulent velocity is kept fixed at vmicro =
2.0 km s−1. The projected rotational velocity is unconstrained
and uses steps of 1 km s−1. To assure that the global minimum
is found, first a coarse grid spanning the entire parameter space
is calculated, after which a smaller grid around the best fitting
model is calculated using the smallest available step size in each
parameter. The errors given are the 1σ errors, which take into ac-
count all possible parameter correlations. The contribution of the
sdB component is treated as a wavelength independent dilution
factor, which is included in the fit as a free parameter.

Table 3. Parameter ranges of the model grid used in the GSSP fit to-
gether with the step size.

Parameter Range Step
Teff (K) 3000–9000 100
log g (dex) 2.5–4.5 0.1
[M/H] (dex) –0.8 – 0.8 0.1
vmicro (km s−1) 2.0 /

vrot sin i (km s−1) 1–150 1
Dilution 0.01–1.00 0.01

Notes. The micro-turbulent velocity is kept fixed.

A spectral analysis of the cool companion of PG 1104+243
was already presented in Vos et al. (2012). The results of the
GSSP analysis for BD−7◦5977, EC 11031–1348, TYC 2084–
448–1 and TYC 3871–835–1 is given in the bottom half of
Table 2. The best fitting GSSP model together with the observed
spectra for part of the fitted wavelength range is shown in Fig. 7.
The results for each system are discussed below.

BD−7◦5977: the cool companion is clearly a subgiant with a
surface gravity of 3.0 ± 0.4 dex and a temperature of 4800 ±
100 K. The subgiant is a slow rotator (vr sin i = 9± 1 km s−1),
and the sharp lines help in the determination of the param-
eters. In the spectral region fitted with GSSP, the subgiant
contributes 72% of the light.

EC 11031–1348: the cool companion is a fast rotator with
vr sin i = 70± 4 km s−1. The line blending makes it harder
to correctly determine the continuum, which also results in
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a higher uncertainty on the temperature and dilution fac-
tor. The best fitting spectral model corresponds to spectral
type F6V at Teff = 6400 ± 250 K, and it has a log g of
4.3±0.5 dex. The companion has a slightly super-solar metal-
licity of [Fe/H] = 0.2 ± 0.2, and contributes 84% of the light
in the fitted region.

TYC 2084–448–1: the companion is again a fast rotator with
vr sin i = 52 ± 3 km s−1, and a spectral type of F5V. The ef-
fective temperature is 6300 ± 200 K and it surface gravity is
log g = 4.4 ± 0.5 dex. It has a slightly sub-solar metallicity
at [Fe/H] =−0.1 ± 0.1 dex, and contributes 75% of the light
in the fitted range.

TYC 3871–835–1 has a F7V companion with an effective tem-
perature of 6200±150 K and a surface gravity of 4.4±0.3 dex.
The companion has a rotational velocity of 15±1 km s−1 and
a slightly super-solar metallicity of [Fe/H] = 0.2 ± 0.2 dex.
In the fitted range, it contributes 65% of the light.

As can be seen in Fig. 7, there are a few lines visible in the the-
oretical models which are missing in the observed spectra. This
is likely due to errors in the line lists used for the LL models.

For all four systems, the spectral parameters derived with
GSSP correspond well with those obtained in the SED fit.
However, we do note that the SED fit method consistently re-
sults in a higher contribution for the cool companion in the wave-
length range 5800–6500 Å than the GSSP fit. As both methods
are completely independent, and based on different observations,
we can conclude that the spectral parameters derived for the cool
companions are reliable.

5. Wide sdB binary sample

Including the four new systems presented in this article, there
are eleven wide sdB binaries known of which the orbit has been
solved. The first such system, PG 1018−047 was presented by
Deca et al. (2012), with updated properties based on UVES
spectroscopy published by Deca et al. (in prep.). Two systems,
PG 1449+653 and PG 1701+359, were observed by Barlow et al.
(2013). And four more systems were presented in Parts 1 and 2
of this series. The main properties of these systems are sum-
marised in Table 4.

To derive the inclination of the system and the mass of
the cool companion we have assumed a canonical sdB mass
of MsdB = 0.47 ± 0.05 M�. The inclination can then be de-
rived from the M · sin i value obtained from the RV curves as:
i = sin−1(Msini,sdB/0.47). The total separation (a) can be derived
from the reduced separation using the inclination. The radius of
both components is derived using the mass and the surface grav-
ity as R =

√
GM/g. The rotational velocity of the cool compan-

ion is corrected for the inclination, by assuming that the rotation
axis of the cool companion is perpendicular to the orbital plane.
The errors are propagated using a Monte-Carlo simulation.

The distance estimates are calculated from the distance mod-
ulus: log d = (mV − MV + 5)/5. For the systems presented in
Paper I; Paper II and this article, the absolute magnitudes (MV )
are obtained by using a binary SED model with the best fitting
atmospheric parameters determined from the SED and GSSP fit.
This model is integrated over the Johnson V band and scaled to a
distance of 10 pc. The apparent magnitudes (mV ) are taken from
literature observations. For PG 1018-047 the same method is ap-
plied (Deca et al., in prep.). For PG 1449+653 and PG 1701+359
no spectral analysis was performed, and Barlow et al. (2013)
estimated the distance from the distance modulus by assuming
Teff,sdB = 24 000−38 000 K and RsdB = 0.15−0.22 R� and taking

the conventional correlations between these parameters for sdBs
into account. While for the cool companion solar abundance was
assumed together with the temperatures and radii corresponding
to its spectral type.

5.1. Mass accretion during RLOF

Based on the rotational velocity of the companion, one can de-
rive an estimate of how much mass it has accreted during the
RLOF phase. This can be done by assuming that the system
is synchronised before the onset of mass-loss, and that the cur-
rently observed rotational velocity is entirely due to the angular
momentum transferred during the RLOF phase. The difference
in angular momentum before and after the RLOF phase can be
linked to the mass accreted during RLOF based on Keplerian
disk mass-transfer. Thus the accreted mass is given by Vos et al.
(2017):

Macc = rg

√
McR3

c

G
·

(
vrot,f

Rc
−

2π
Porb,i

)
· (1)

Where rg = 0.076 is the gyration radius based on polytropic
models (Claret & Gimenez 1989), Mc and Rc are respectively
the mass and radius of the cool companion, G is the gravitational
constant, vrot,f is the observed rotational velocity of the compan-
ion and Porb,i is the estimated initial orbital period. As the binary
would have been circularised and synchronised before the onset
of RLOF, the initial spin period equals the orbital period before
RLOF Pspin,i = Porb,i. The orbital period before RLOF is esti-
mated between 500 and 900 days, as this corresponds to the sep-
aration necessary to initiate RLOF near the tip of the red giant
branch (Vos et al. 2015)

After the RLOF phase the synchronisation is negligible, as
shown by Vos et al. (2017). Other potential sources of angular
momentum loss, such as stellar winds or magnetic fields, are ig-
nored in the current treatment, as these are difficult to constrain
and it is not clear if they are active at all.

A lower limit for the duration of RLOF can be given by cal-
culating the maximum rate of mass accretion for the cool com-
panion based on the Eddington luminosity. This Eddington ac-
cretion limit is (Vos et al. 2017):

Ṁedd =
4πc
κ

Rc, (2)

where c is the speed of light and κ is the opacity which in the sim-
plest case can be taken as Thompson scattering κ = 0.4 cm2 g−1.

The resulting estimates of the accreted mass and the duration
of the RLOF phase are given in Table 4. For all of the systems
for which these estimates could be calculated, the total amount
of accreted mass necessary to reach the observed rotational ve-
locity is small, on the order of 10−3−10−2 M�. The calculated
timescales based on the Eddington luminosity are on the order
of a few years to a few decades. This is an lower limit and the
real duration can be much longer, but these timescales do allow
enough mass to be accreted onto the cool companions from fast
thermal-timescale mass-loss of a red giant during RLOF. For ex-
ample, models calculated with the MESA (Paxton et al. 2011,
2013, 2015) stellar/binary evolution code predict a duration for
the mass-loss phase of a few hundred years in the case of stable
RLOF from a red giant (Vos et al. 2015).

6. The period−eccentricity distribution

The period−eccentricity distribution of the eleven systems given
in Table 4 is shown in Fig. 8. As can be seen on this figure, the
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Table 4. Main orbital and spectral properties of all wide sdB binary systems of which the orbits are solved.

PG 1018–047 PG 1449+653 PG 1701+359 PG 1104+243 BD+29◦3070 BD+34◦1543
Period (d) 752 ± 2 909 ± 2 734 ± 3 755 ± 3 1254 ± 5 972 ± 2
Eccentricity 0.05 ± 0.01 0.11 ± 0.02 0.00 ± 0.07 0.04 ± 0.02 0.15 ± 0.01 0.16 ± 0.01
i (dgr) 45 ± 2 63 ± 6 / 32 ± 3 73 ± 3 43 ± 1
q (MsdB/Mms) 0.7 ± 0.02 0.64 ± 0.06 / 0.7 ± 0.02 0.37 ± 0.01 0.57 ± 0.01
a (R�) 367 ± 10 419 ± 19 / 322 ± 12 585 ± 5 447 ± 4
d (pc) 900 ± 100 980 ± 190 690 ± 150 282 ± 15 226 ± 37 207 ± 30

MS component
M (M�) 0.71 ± 0.04 0.73 ± 0.10 / 0.67 ± 0.07 1.26 ± 0.06 0.82 ± 0.07
R (R�) 1.2 ± 0.3 / / 0.88 ± 0.12 1.28 ± 0.97 1.21 ± 0.48
Teff (K) 4210 ± 280 G0V K0V 5970 ± 200 6190 ± 420 6100 ± 300
log g (cgs) 4.8 ± 0.3 / / 4.38 ± 0.11 4.33 ± 0.5 4.18 ± 0.4
[Fe/H] (dex) –0.85 ± 0.25 / / –0.58 ± 0.11 0.05 ± 0.16 –0.26 ± 0.08
vrot (km s−1) 10 ± 2 / / 10 ± 4 55 ± 5 25 ± 6

sdB component
M (M�) 0.47 0.47 / 0.47 0.47 0.47
R (R�) 0.3 ± 0.1 / / 0.13 ± 0.02 0.16 ± 0.1 0.14 ± 0.06
Teff (K) 29 100 ± 3000 / / 33 800 ± 2500 26 200 ± 3000 36 600 ± 3000
log g (cgs) 5.2 ± 0.3 / / 5.94 ± 0.2 5.69 ± 0.45 5.84 ± 0.35

RLOF accretion
Macc (M�) 0.004 ± 0.001 / / 0.003 ± 0.001 0.034 ± 0.011 0.012 ± 0.003
τacc,min (yr) 3 ± 1 / / 4 ± 1 29 ± 19 10 ± 5

Feige 87 BD–7◦5977 EC 11031–1348 TYC 2084–448–1 TYC 3871–835–1
Period (d) 938 ± 2 1262 ± 1 1099 ± 6 1098 ± 5 1263 ± 5
Eccentricity 0.11 ± 0.01 0.16 ± 0.01 0.17 ± 0.03 0.05 ± 0.03 0.16 ± 0.02
i (dgr) 79 ± 3 22 ± 2 57 ± 4 54 ± 3 17 ± 1
q (MsdB/Mms) 0.55 ± 0.01 0.4 ± 0.1 0.36 ± 0.02 0.51 ± 0.02 0.54 ± 0.02
a (R�) 441 ± 3 570 ± 21 540 ± 16 500 ± 14 530 ± 22
d (pc) 376 ± 44 560 ± 80 530 ± 50 345 ± 60 305 ± 50

MS component
M (M�) 0.84 ± 0.07 1.18 ± 0.32 1.31 ± 0.16 0.92 ± 0.10 0.87 ± 0.10
R (R�) 1.02 ± 0.5 6.8 ± 2.6 1.7 ± 0.7 1.1 ± 0.4 0.9 ± 0.2
Teff (K) 5980 ± 325 4810 ± 90 6480 ± 210 6440 ± 190 6270 ± 140
log g (cgs) 4.36 ± 0.42 2.90 ± 0.30 4.15 ± 0.35 4.46 ± 0.33 4.37 ± 0.30
[Fe/H] (dex) –0.5 ± 0.18 –0.2 ± 0.1 0.2 ± 0.2 –0.1 ± 0.1 0.1 ± 0.1
vrot (km s−1) 8 ± 3 24 ± 3 84 ± 6 63 ± 3 52 ± 5

sdB component
M (M�) 0.47 0.47 0.47 0.47 0.47
R (R�) 0.18 ± 0.07 0.4 ± 0.3 0.2 ± 0.2 0.2 ± 0.2 0.15 ± 0.15
Teff (K) 27 300 ± 2700 30 000 ± 7000 28 000 ± 5000 25 000 ± 7000 24 000 ± 7000
log g (cgs) 5.58 ± 0.34 5.20 ± 0.60 5.60 ± 0.50 5.80 ± 0.70 5.80 ± 0.70

RLOF accretion
Macc (M�) 0.004 ± 0.001 0.030 ± 0.008 0.067 ± 0.021 0.027 ± 0.008 0.021 ± 0.006
τacc,min (yr) 4 ± 2 5 ± 3 49 ± 38 29 ± 20 5 ± 3

Notes. The parameters of PG 1018−047 are taken from Deca et al. (in prep.), those of PG 1449+653 and PG 1701+359 are taken from Barlow
et al. (2013), PG 1104−243 from Vos et al. (2012) and this article, BD+29◦3070, BD+34◦1543 and Feige 87 are taken from Vos et al. (2013). The
remaining systems given in bold are from this article. The mass of the sdB component is taken at its canonical value of 0.47 M�. Macc is the mass
accreted by the companion during the RLOF phase based on its rotational velocity. τacc,min is the minimum time needed to accrete this amount of
matter based on the Eddington limit.

majority of the systems has a significant non-zero eccentricity.
Only one of the eleven systems, PG 1701+359, has a circular or-
bit. Barlow et al. (2013) indicate that the orbit of PG 1701+359
can be fitted with an eccentricity of 0.07, if the eccentricity is
left as a free parameter. The Lucy & Sweeney (1971) test how-
ever, indicates that the eccentricity of the orbit is not significant

with respect to the errors on the RVs. Barlow et al. (2013) fur-
thermore indicate that there are not enough RV measurements
on the up-going slope of the RV curve to completely rule out
an eccentric orbit, making further observations needed to dis-
cern between an eccentric or circular orbit. Two other systems
on the shorter end of the orbital period range, PG 1104+243
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Fig. 8. Period and eccentricity of all wide sdB binaries with known orbital parameters is plotted in blue circles. The size of the circle indicates
the rotational velocity of the cool companion star. Two stars for which no rotational velocity is known are plotted with blue dots (vrot = uk). The
red and green areas indicate the period–eccentricity range that can be covered by the MESA binary evolution models with eccentricity pumping
included as presented in Vos et al. (2015). Models only including phase-dependent mass-loss are shown in red shaded full border, while models
that also include a CB disk are shown in green hatched dotted border. The range of the MESA models shown here is truncated at a maximum
orbital period of 1350 days and a maximum eccentricity of 0.25.

(Vos et al. 2012) and PG 1018–047 (Deca et al. 2012), were orig-
inally found to have circular orbits, but continued observing with
HERMES (PG 1104+243, this article) and higher S/N observa-
tions with UVES (PG 1018–047, Deca et al., in prep.) has shown
that the orbits of both binaries have low albeit significantly non-
zero eccentricities.

A first interesting observation is that none of the systems
have orbital periods shorter than 700 days. This is not an ob-
servational bias, as systems with shorter orbital period are easier
to detect spectroscopically. This supports that there is a clear dis-
tinction between the sdB binaries that form through the common
envelope ejection channel and end up on a short orbital period
(P 6 50 days, Kupfer et al. 2015), and the wide sdB binaries
that are formed through the stable RLOF channel. The observed
lower limit on the orbital period for post stable-RLOF sdB bina-
ries can be used to test stability criteria for RLOF. Contrary to
the lower limit, no upper limit can be placed on the orbital pe-
riods as the currently observed longest periods are on the same
order as the duration of the observing programmes, and longer
period systems would be harder to detect as the RV amplitudes
are lower.

Secondly, there is a trend of higher eccentricity at higher or-
bital period, with the short period (around 700 days) systems
having eccentricities between 0 and 0.05, while systems with
longer orbital periods have eccentricities that reach 0.17. The
Pearson test (Pearson 1896) was used to calculate the correlation
between these two variables. It is defined as the covariance of the
two variables divided by their standard deviation. In the case of
the period and eccentricity, the Pearson test yields a positive cor-
relation of r(P, e) = 0.75 with a 99.2% confidence level (p value

of 0.008), indicating that the correlation is significant. The only
exception to this trend is TYC 2048–448–1, which has an or-
bital period of 1098± 5 days and an eccentricity of 0.05 ± 0.03,
while other systems with similar orbital periods have eccentrici-
ties above 0.10.

An alternative way of interpreting the period–eccentricity di-
agram is not as a linear relation, but as two separate populations.
Possibly one population at shorter orbital period, and another at
longer orbital periods and higher eccentricities. These two popu-
lation can both be formed by the stable RLOF channel, but there
could be other eccentricity pumping mechanisms at play. With
the current observed sample, it is not possible to distinguish be-
tween both options.

Considering all systems, the highest eccentricity reached by
any system is around 0.16–0.17. This might indicate that there
is an upper limit on the eccentricity that can be obtained by the
eccentricity pumping mechanisms at play during the formation
of these wide sdB binaries.

6.1. Theoretical predictions for wide sdBs

The eccentricity of these orbits is unexpected as the sdBs are
formed through stable RLOF from a red giant. Current circu-
larisation theory predicts all of these systems to be circularised
well before the onset of mass loss. Several eccentricity pumping
mechanisms are described in the literature. Two of those mech-
anisms, phase-dependent mass-loss during RLOF (e.g. Eggleton
2006; Bonačić Marinović et al. 2008) and the formation of a cir-
cumbinary (CB) disk during RLOF (e.g. Artymowicz & Lubow
1994), are capable of explaining the current observed population
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(Vos et al. 2015). Phase-dependent mass-loss during RLOF can
increase the eccentricity as more mass will be lost near perias-
tron than near abastron. A CB disk can form during the RLOF
phase if not all the mass is accreted by the companion. This is
likely the case, as the sdB progenitor needs to lose at least half
a solar mass during the RLOF phase on a short timescale. A CB
disk can increase the eccentricity of the orbit, as well as slightly
reduce the orbital period due to Lindbladt resonances.

Currently there is no direct observational evidence for the ex-
istance of a CB disk around sdB binaries. The presence of such
a disk is inspired by the eccentric post-AGB binaries where such
disks are commonly observed (e.g. Van Winckel 2003; Gezer
et al. 2015, see also Sect. 6.2). Further support for CB disks
around sdB binaries is that the sdB progenitor has to lose at least
0.5 M� during the RLOF phase, most of which is not accreted by
the companion.

The period–eccentricity coverage of binary models includ-
ing these eccentricity pumping mechanisms calculated by Vos
et al. (2015) is shown in Fig. 8. There are two sets of models,
the first with only eccentricity pumping due to phase depen-
dent RLOF, and the second set with both phase dependent RLOF
and a CB disk. These models do clearly allow for all of the ob-
served systems, with the exception of the circular short period
orbit of PG 1701+359. However, these models are not capable of
explaining the period–eccentricity trend. Contrary to the obser-
vations, the eccentricity pumping mechanisms are more efficient
at shorter orbital periods, and still predict circularised orbits at
longer orbital periods.

A combination of both models with only phase-dependent
RLOF and models that also include a CB disk is necessary to
explain all observed wide sdB binaries. This would support the
two population view of the observed period–eccentricity distri-
bution. However, it has to be noted that the goal of Vos et al.
(2015) was to find models that would allow for the observed sys-
tems, and not to find the full extent of the parameter space that
can be covered by both models.

These eccentricity pumping mechanisms and the principles
of mass-loss during stable-RLOF in general are not well un-
derstood, and are parameterised in most evolution codes. For
example, the way mass is lost from the system during stable
RLOF in MESA is determined by the formalism of Tauris &
van den Heuvel (2006) who defined three different mass-loss
fractions. These fractions are treated as free parameters in the
MESA models, and have a strong influence on the final orbital
period. Similarly, physical properties of CB disks such as the to-
tal mass that they can contain, or their lifetime are not known
from observations, and are treated as free parameters. To link
the parameterised interaction mechanisms to system properties,
and create theoretical binary evolution models that are capable
to predict the period–eccentricity distribution of wide sdB bina-
ries, it is important to understand how the eccentricity and orbital
period depend on other properties of the systems.

6.2. Period-eccentricity of post-AGB systems

In Fig. 9 the period–eccentricity distribution of post-AGB
(pAGB) binaries are plotted. This sample contains dusty pAGB
binaries with known orbital parameters from Waters et al.
(1993), Van Winckel et al. (1995, 1998, 1999, 2000, 2009),
Pollard et al. (1996), Gonzalez & Wallerstein (1996), Maas et al.
(2002, 2005), Van Winckel (2007), Gorlova et al. (2014), Gezer
et al. (2015), De Smedt et al. (2016), Manick et al. (2017), and
barium (Ba) and Tc-poor S stars for which orbital parameters
were derived by Van der Swaelmen et al. (2017). The Ba stars are
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Fig. 9. Period–eccentricity distribution of different types of post-
AGB binaries that have undergone a mass-loss phase in their past:
dusty pAGB binaries (green squares, Waters et al. 1993; Van Winckel
et al. 1995, 1998, 1999, 2000, 2009; Pollard et al. 1996; Gonzalez &
Wallerstein 1996; Maas et al. 2002, 2005; Van Winckel 2007; Gorlova
et al. 2014; Gezer et al. 2015; De Smedt et al. 2016; Manick et al. 2017),
Ba stars (blue circles, Van der Swaelmen et al. 2017), Tc-poor S stars
(black x’s, Van der Swaelmen et al. 2017) and the wide sdB binaries
(red crosses, this article). See Sect. 6.2.

giant stars in binary systems with a WD companion where the gi-
ant has an overabundance in s-process elements caused by mass
transfer from WD progenitor during its AGB phase (Bidelman &
Keenan 1951; Jorissen et al. 1998). The Tc-poor S stars in this
sample are extrinsic S-star part of binary systems for which the
over abundance in s-process elements is caused by mass transfer
in a similar fashion as the Ba-stars (Jorissen et al. 1998).

The pAGB systems reach orbital periods in excess of
10 000 days. Here we only discuss the pAGB binaries with or-
bital period shorter than 3000 days as those systems should have
circularised due to tides (Pols et al. 2003). Eccentric pAGB sys-
tems with orbital periods longer then 3000 days could have kept
their initial eccentricity, and are for that reason not interesting in
this comparison.

The range in both orbital period and eccentricity for the
pAGB systems is larger than for the wide sdB binaries. The ob-
served periods vary from 100 days to several 1000 days, and the
eccentricities can go up to 0.6. Compared to a period range of
700–1300 days and a maximum eccentricity of 0.17 for sdB bi-
naries. The fact that for wide sdB binaries, the mass of the sdB
star has a lower limit at the He-ignition core mass, and at the
same time needs to have lost almost the entire H envelope, limits
the period range in which these systems can form. These strict
limits do not exist in the pAGB binaries, making the sdB wide
binaries a perfect sample to test binary interaction mechanisms.

Both the period−eccentricity distribution of the wide sdBs
and the post-AGB systems show a trend of higher possible ec-
centricities at higher orbital periods, indicating an upper limit
on the eccentricity depending on the orbital period. The Pearson
correlations for the different types of post-AGB binaries between
period and eccentricity are r(P, e) = 0.46 with a p value of 0.001
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for the Ba systems, r(P, e) = 0.41 with a p value of 0.07 for the
S-type binaries and r(P, e) = 0.57 with a p value of 0.001 for the
dusty pAGB binaries.

The spread in eccentricity for the pAGB systems is larger
than for the wide sdB binaries, but there is a striking similarity in
the lacking of circular systems at longer orbital periods. For the
pAGB systems, circularised systems exist up to P ∼ 1000 days.
At longer orbital periods the minimum eccentricity increases
to e ∼ 0.1. This can be compared to the wide sdB binaries
where there is one system with a longer orbital period and a
lower eccentricity, TYC 2048–448–1, while the other systems
with P & 1000 d all have eccentricities larger then 0.1.

The pAGB systems are capable of reaching higher eccen-
tricities than the wide sdB binaries. If only systems with P <
3000 days are considered, 43% of the post-AGB binaries have a
higher eccentricity than the most eccentric wide sdB-binary. This
indicates that the eccentricity pumping mechanisms in the post
AGB binaries are more efficient or are effective over a longer
timescale.

The possibility of having two separate populations of wide
sdB binaries that was discussed in the previous section is not im-
mediately visible for the pAGB binaries. This does not prevent
the existence of two populations formed by, for example, dif-
ferent eccentricity pumping mechanisms. The continuous distri-
bution in both period and eccentricity would, however, indicate
that the period – eccentricity ranges reached by each population
overlap.

6.3. Rotational velocity – accreted mass

A first observation is that the rotational velocity of the cool com-
panions increases for the longer period systems. The two short
period systems for which the rotational velocity is determined,
have vrot ∼ 10 km s−1, while the systems with a longer orbital
period have rotational velocities reaching 80 km s−1 or more.
The SG component of BD−7◦5977 has a rotational velocity of
24±3 km s−1, which is lower then the two other systems with or-
bital period around 1250 days. But the SG companion will have a
decreased rotational velocity due to its inflated atmosphere com-
pared to the MS companions of the other two systems.

The rotational velocity of the cool companion can be linked
to the amount of mass accreted during the RLOF phase as calcu-
lated in Sect. 5.1. The relation of a higher rotational velocity of
the companion in systems with a longer orbital period indicates
that those systems have accreted more mass during the mass-loss
phase of the sdB progenitor. The Pearson correlation between
the period and rotational velocity of the companion calculated
for the nine systems for which vrot is known is r(P, vrot) = 0.57
with a p value of 0.10, indicating a moderate correlation.

In the view that there is not a continuous relation between
the orbital period on the one hand and the eccentricity or ro-
tational velocity on the other hand, but that there are separate
populations, the division between the systems containing a com-
panion with a higher rotational velocity and the systems contain-
ing a companion with a slower rotational velocity roughly cor-
responds with the division between the two types of eccentric-
ity pumping MESA models. Systems which have less matter ac-
creted onto the companion fall in the period−eccentricity range
covered by models with only phase-dependent mass-loss. The
systems with a faster rotating companion correspond with the
models that have both phase-dependent mass-loss and have had
a CB disk. The exception again being TYC 2084–448–1, which
has a fast rotating companion but has an eccentricity that falls
just below the range covered by the models including a CB disk.

The MESA models of Vos et al. (2015) were calculated with-
out tracking the rotational velocity of the components. Future
models would benefit from including this in the evolution.

6.4. Initial mass-ratio

A system property that is slightly harder to determine is the ini-
tial mass-ratio before the onset of mass-loss. For most systems
this can not be determined without having accurate models of
the evolutionary history of the system, which are of course not
available in this case. However, there are two type of systems for
which it is possible to make an estimate on the initial mass ratio.
The first being BD−7◦5977, which has a SG companion, mean-
ing it has evolved off the main sequence. Because the lifetime
of the sdB star on the horizontal branch is short (estimated at
∼100 Myr) this evolution would only be possible if the subgiant
would be very close in mass to the sdB progenitor. This is only
possible if the initial mass-ratio for this system qi = MMS/Mp−sdB
is very close to one.

The second type of systems are those with an M or K type
companion. Even though the exact initial mass-ratio of these sys-
tems can not be determined, it will be significantly lower than
unity. In the current sample there are two sdB binaries with a
dwarf companion, PG 1018–047 and PG 1701+359, which both
have K-type companions. The systems with an SG companion
and those with a M/K type companion respectively represent the
upper and lower range in initial mass-ratio.

The current sample of wide sdB binaries only contains three
system falling in these groups. We note here that the sdB+K bi-
naries with a low initial mass ratio, are also the systems with
the shortest orbital periods and lowest eccentricities. Contrary,
the sdB+SG binary with qi ≈ 1, is one of the systems with the
longest orbital periods and higher eccentricities. With only three
systems we can’t draw any firm conclusions, but they do give
us a range of possible initial mass-ratios. Discovering new sdB
systems with dwarf or sub-giant companions would be highly
valuable as it will allow to study the effect of the initial mass-
ratio on the final period−eccentricity.

7. Summary and conclusions

Radial velocities were derived from high resolution spectra taken
with the HERMES spectrograph as part of a long term monitor-
ing programme. The RV curves obtained allowed us to determine
accurate orbital parameters of four new systes: BD−7◦5977,
EC 11031–1348, TYC 2084–448–1 and TYC 3871–835–1. All
of these systems have orbital period in excess of 1000 days.
BD−7◦5977, EC 11031–1348 and TYC 3871–835–1 have a
higher eccentricity of ∼0.16 while TYC 2084–448–1 has an ec-
centricity of 0.05± 0.03. In addition, the orbital parameters of
PG 1104+243 have been updated based on our new spectra,
and this system has now a small but non-zero eccentricity of
0.04± 0.02.

Literature photometry was used to construct photometric
SEDs for the four new systems, which were fitted with atmo-
sphere models to derive the effective temperatures and surface
gravities of both the sdB and the cool companion. Furthermore
the HERMES spectra were analysed with the GSSP code to ob-
tain an independent second set of atmospheric parameters for the
cool companions. BD−7◦5977 has a subgiant companion with a
surface gravity of 2.9± 0.30, while the other three cool compan-
ions are all early F-type stars. The effective temperature of the
hot subdwarfs vary between 24 000 and 30 000 K, but it has to
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be noted that the errors on these temperatures are large, around
3000 K. When Gaia parallaxes become available for these sys-
tems, the distance to the system can be incorporated as an extra
constraint which will greatly reduce the uncertainty on the pa-
rameters derived from the photometric SEDs.

The entire wide-sdB binary population with solved orbits
consists of eleven systems. Eight of these systems are part of
the long term observing campaign with HERMES and have been
presented in Paper I; Paper II and this article. The first wide sdB
system to be discovered was PG 1018-047 (Deca et al. 2012),
and two more systems, PG 1449+653 and PG 1701+359, were
presented by Barlow et al. (2013). Of the latter two systems only
an orbital solution and an estimate of the companion type is
available, while for the other nine systems the spectral param-
eters of both the sdB and the cool companion are known.

The period−eccentricity distribution of the complete sample
of wide sdB binaries shows a trend of higher eccentricities at
longer orbital periods, varying from eccentricities <0.05 at peri-
ods around 750 days to e ∼ 0.16 at P ∼ 1250 days. There is how-
ever one exception to this trend, TYC 2084–448–1, which has an
eccentricity of 0.05± 0.03 at P ∼ 1098 ± 5 days. Furthermore,
there seems to be a lower limit on the orbital period of wide sdB
binaries around 700 days. This lower limit on the period can be
used to determine the stability criteria of RLOF.

The period−eccentricity distribution observed for the post-
RGB wide sdB binaries has several similarities to the distribu-
tion observed for post-AGB Ba-star and TC-poor S-type bina-
ries. Even though the range of both period and eccentricity for
the pAGB systems is larger then for the wide sdBs, it shows
the same trend of higher eccentricities at longer orbital periods.
Furthermore, the pAGB systems show a lower limit on the or-
bital period at P ≈ 1000 days, over which no circularised sys-
tems exist anymore. The wide sdB population shows a similar
lack of circularised systems at longer orbital periods.

These wide sdB binaries are post stable-RLOF systems, and
by assuming a synchronised state before the onset of mass-loss,
the rotational velocity of the companion together with its radius
and orbital properties can be used to estimate the amount of mass
that was accreted during the RLOF phase. The accreted mass es-
timate is only a fraction of the mass that the sdB progenitor has
to lose, on the order of 10−3−10−2 solar masses. When using
the Eddington luminosity to derive the minimum time neces-
sary to accrete this mass, this time varies from a few years to
a few decades. The amount of mass accretion corresponds to the
evolved state of some of the companions, which would not be
possible to attain if they have accreted a large amount of mass
during RLOF (Paper I), and the minimum timescales allow for
the short periods of mass loss predicted by the MESA models of
Vos et al. (2015).

When comparing theoretical models with the observed
population it is clear that models with eccentricity pumping
mechanisms activated allow for the existence of most of the ob-
served systems. The only exception being the short period circu-
lar system PG 1701+359. However, the models are not capable
of predicting the observed trend of higher eccentricities at higher
orbital periods. By comparing the spectral properties with the or-
bital parameters, we find that there is a moderate correlation of
rotational velocity, and thus accreted mass, with orbital period.
Furthermore, it is possible that the initial mass ratio could be re-
lated to the final period and eccentricity. The inclusion of such
possible property correlations can improve the theoretical mod-
els, and help explain the observed trends. However, the current
sample of wide sdB binaries is too small to allow for the deriva-
tion of statistically valid correlations.
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Appendix A: Radial velocity tables

Table A.1. Radial velocities of both components of BD−7◦5977.

MS component sdB component
BJD RV Error BJD RV Error
–2 450 000 km s−1 km s−1 –2 450 000 km s−1 km s−1

5039.62 –5.757 0.002 5053.78 –10.6 1.8
5051.66 –5.732 0.003 5095.55 –12.4 1.3
5052.71 –5.780 0.002 5431.04 –4.4 1.3
5052.71 –5.780 0.002 5480.84 –4.2 1.2
5052.71 –5.780 0.002 5779.19 –0.6 1.1
5063.58 –5.665 0.002 5849.24 2.8 1.0
5063.58 –5.665 0.002 5938.81 –1.4 2.5
5090.59 –5.682 0.004 6126.33 0.4 2.0
5090.59 –5.682 0.004 6173.63 –9.5 2.4
5100.53 –5.802 0.002 6265.43 –8.3 6.1
5100.53 –5.802 0.002 6461.70 –9.4 1.6
5398.71 –8.295 0.005 6535.60 –12.5 3.4
5434.62 –8.724 0.003 6613.07 –7.1 1.4
5440.64 –8.768 0.001 6832.36 –3.8 0.6
5440.64 –8.768 0.001 6899.61 1.4 1.9
5440.64 –8.768 0.001 6974.42 –3.2 1.2
5471.52 –9.119 0.003 7195.70 8.4 2.6
5471.52 –9.119 0.003 7277.59 1.7 2.6
5499.49 –9.376 0.003
5767.69 –10.856 0.002
5790.69 –10.917 0.002
5831.54 –11.016 0.003
5843.46 –11.029 0.002
5859.52 –10.847 0.003
5862.44 –10.952 0.003
5935.31 –10.620 0.002
5942.31 –10.561 0.004
6100.69 –8.653 0.002
6137.65 –7.953 0.001
6140.66 –8.008 0.001
6173.63 –7.434 0.001
6265.43 –6.196 0.002
6461.70 –6.213 0.002
6535.60 –6.976 0.002
6611.43 –7.874 0.005
6612.41 –7.968 0.005
6615.38 –7.895 0.004
6831.69 –9.924 0.003
6831.69 –9.924 0.003
6833.70 –9.919 0.004
6899.61 –10.352 0.002
6954.51 –10.640 0.004
6994.33 –10.785 0.003
7195.70 –10.468 0.003
7277.59 –9.791 0.002

Table A.2. Radial velocities of both components of EC 11031–1348.

MS component sdB component
BJD RV Error BJD RV Error
–2 450 000 km s−1 km s−1 –2 450 000 km s−1 km s−1

5616.60 –11.718 0.239 5644.23 –10.61 0.69
5648.52 –13.404 0.230 5666.41 –6.09 1.53
5661.45 –14.055 0.129 5952.00 0.36 0.77
5938.72 –16.535 0.219 6017.03 2.09 1.11
5951.65 –16.380 0.184 6069.39 –4.05 1.08
5980.61 –18.483 0.211 6324.17 –19.76 0.62
6006.56 –18.342 0.221 6403.46 –26.52 0.93
6027.51 –17.795 0.310 6613.73 –16.17 2.02
6069.39 –17.376 0.248 6685.67 –13.23 1.04
6297.72 –10.251 0.325 6743.07 –3.05 1.57
6316.36 –9.408 0.131 6800.42 –5.02 2.70
6333.66 –10.225 0.236 7026.73 –0.79 2.02
6345.58 –9.328 0.253 7112.21 1.15 1.18
6389.50 –7.841 0.291 7394.73 –16.25 1.67
6417.42 –8.345 0.183 7476.52 –22.10 2.06
6613.73 –9.549 0.276
6663.69 –9.732 0.278
6707.65 –12.172 0.294
6721.65 –12.350 0.433
6764.50 –15.565 0.298
6809.39 –16.621 0.286
7008.76 –18.120 0.325
7035.71 –17.158 0.510
7082.62 –17.854 0.442
7114.81 –14.718 0.246
7131.41 –18.097 0.314
7394.73 –12.755 0.348
7465.56 –8.586 0.378
7487.49 –10.001 0.348
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Table A.3. Radial velocities of both components of TYC 2084–448–1.

MS component sdB component
BJD RV Error BJD RV Error
–2 450 000 km s−1 km s−1 –2 450 000 km s−1 km s−1

6320.76 –18.107 0.123 5641.33 –24.56 0.68
6836.67 –11.463 0.040 5722.57 –23.17 0.90
6764.13 –9.367 0.083 5777.99 –19.72 0.76
6427.13 –13.890 0.057 5828.37 –15.35 0.81
7196.55 –22.052 0.094 5983.23 –6.33 0.72
7107.70 –20.864 0.140 6061.20 –2.84 0.72
6804.04 –10.820 0.056 6117.13 –0.52 0.78
7227.43 –21.826 0.094 6190.40 –2.71 0.84
6132.62 –22.651 0.103 6320.76 –7.26 0.66
6536.37 –11.872 0.115 6396.14 –13.02 0.73
5653.64 –10.056 0.032 6443.24 –14.56 0.41
7083.76 –20.537 0.141 6536.37 –21.59 1.25
7444.70 –18.112 0.104 6695.73 –30.16 1.00
5701.45 –10.500 0.115 6775.30 –24.03 1.01
6050.52 –21.024 0.150 6832.30 –23.29 0.51
5753.14 –11.234 0.040 7095.73 –4.05 0.80
6007.69 –20.624 0.102 7171.86 –1.00 0.45
7159.52 –21.636 0.082 7241.92 –0.27 0.88
5616.70 –9.488 0.057 7464.68 –10.35 0.59
6092.11 –21.924 0.085 7502.56 –13.99 1.17
7484.66 –17.078 0.414
5793.39 –12.866 0.098
6374.70 –16.339 0.122
6444.56 –14.164 0.035
5958.77 –18.679 0.067
6695.73 –9.303 0.163
5828.37 –14.516 0.052
7502.56 –14.813 0.137
7256.42 –22.575 0.127
6190.40 –21.735 0.054

Table A.4. Radial velocities of both components of TYC 3871–835–1.

MS component sdB component
BJD RV Error BJD RV Error
–2 450 000 km s−1 km s−1 –2 450 000 km s−1 km s−1

5013.39 –13.792 0.058 5039.86 –14.48 0.49
5025.45 –14.094 0.050 5354.78 –8.73 0.67
5038.44 –14.289 0.056 5405.42 –6.59 1.40
5041.44 –14.285 0.038 5636.98 –12.50 0.39
5041.44 –14.285 0.038 5967.19 –16.19 0.45
5041.44 –14.285 0.038 6042.55 –17.76 0.46
5052.41 –14.002 0.061 6152.69 –15.68 0.53
5052.41 –14.002 0.061 6311.77 –14.85 0.53
5052.41 –14.002 0.061 6416.47 –14.43 0.46
5341.47 –17.593 0.088 6444.43 –11.73 0.67
5351.44 –17.702 0.071 6641.25 –7.34 0.77
5371.45 –17.511 0.046 6698.38 –8.50 0.45
5414.45 –18.018 0.055 6784.20 –9.42 0.49
5612.71 –15.697 0.057 6835.45 –11.25 0.67
5623.65 –15.676 0.036 7105.87 –16.53 0.49
5638.59 –15.469 0.050 7177.48 –15.67 0.51
5640.66 –15.554 0.044 7407.78 –14.91 0.78
5650.61 –15.544 0.043 7473.95 –16.71 0.58
5655.66 –15.489 0.051
5941.75 –13.256 0.034
5945.74 –13.637 0.108
5965.69 –12.998 0.151
5966.72 –13.035 0.033
5991.64 –13.084 0.067
5991.64 –13.084 0.067
6027.64 –12.950 0.039
6042.56 –13.003 0.035
6057.45 –13.260 0.046
6137.48 –13.088 0.030
6140.41 –13.214 0.040
6145.51 –12.953 0.047
6187.34 –13.345 0.035
6304.76 –14.073 0.041
6318.77 –14.238 0.023
6393.51 –15.236 0.038
6439.44 –15.640 0.041
6444.43 –15.912 0.037
6617.76 –17.490 0.046
6664.75 –17.677 0.048
6669.76 –17.695 0.040
6708.68 –17.357 0.038
6716.71 –17.253 0.034
6762.60 –16.795 0.062
6792.55 –16.425 0.051
6797.45 –16.709 0.027
6835.45 –16.132 0.035
7083.70 –13.805 0.063
7098.58 –13.664 0.050
7109.64 –13.605 0.045
7131.56 –13.682 0.054
7165.49 –13.327 0.031
7189.46 –13.303 0.030
7407.78 –13.110 0.035
7465.69 –13.372 0.044
7466.71 –13.196 0.053
7489.45 –13.598 0.050
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Table A.5. Radial velocities of both components of PG 1104+243 for
the phase binned spectra.

MS component sdB component
Phase RV Error RV Error

km s−1 km s−1 km s−1 km s−1

0.129 –14.99 0.042 –14.41 0.63
0.158 –13.963 0.046 –17.57 0.67
0.193 –13.078 0.047 –17.86 0.76
0.235 –12.403 0.027 –19.30 0.59
0.258 –11.970 0.026 –19.11 0.76
0.280 –11.568 0.026 –19.46 0.73
0.298 –10.925 0.036 –21.24 0.86
0.327 –11.423 0.027 –20.56 1.06
0.355 –11.243 0.025 –21.54 0.85
0.381 –11.234 0.022 –19.98 0.73
0.396 –11.323 0.030 –20.95 0.68
0.426 –11.563 0.023 –20.92 0.56
0.449 –11.699 0.056 –18.82 0.65
0.639 –16.109 0.054 –13.43 1.40
0.671 –16.988 0.047 –12.21 0.61
0.713 –18.018 0.024 –10.55 0.65
0.738 –18.570 0.021 –10.21 0.71
0.760 –18.967 0.024 –9.72 0.77
0.805 –19.681 0.027 –8.59 0.87
0.824 –19.774 0.025 –6.88 0.85
0.852 –19.966 0.025 –7.53 0.95
0.871 –20.089 0.037 –7.32 0.99
0.890 –20.085 0.021 –8.17 0.78
0.911 –19.735 0.022 –9.40 0.55
0.935 –19.486 0.061 –9.24 0.76

Appendix B: SED

Table B.1. Photometry of BD-7◦5977 collected from APASS, 2MASS
and the Spacelab-1 Very Wide Field Survey of UV-excess objects (Viton
et al. 1991).

Band Magnitude Error
mag mag

APASS B 11.061 0.031
APASS V 10.506 0.082
APASS G 10.801 0.081
APASS R 10.298 0.094
APASS I 10.125 0.037
STROMGREN u 11.677 0.040
STROMGREN b 10.933 0.040
STROMGREN v 11.426 0.060
STROMGREN y 10.520 0.060
2MASS J 9.006 0.027
2MASS H 8.520 0.046
2MASS KS 8.406 0.019

Table B.2. Photometry of EC 11031–1348 collected from APASS,
2MASS and UBV photometry from the Edinburgh-Cape Blue Object
Survey (Kilkenny et al. 1997).

Band Magnitude Error
mag mag

APASS B 11.061 0.031
APASS V 10.506 0.082
APASS G 10.801 0.081
APASS R 10.298 0.094
APASS I 10.125 0.037
JOHNSON U 11.363 0.100
JOHNSON B 11.840 0.100
JOHNSON V 11.550 0.100
2MASS J 9.006 0.027
2MASS H 8.520 0.046
2MASS KS 8.406 0.019

Table B.3. Photometry of TYC 2084–448–1 collected from APASS and
2MASS.

Band Magnitude Error
mag mag

APASS B 11.768 0.052
APASS V 11.513 0.036
APASS G 11.616 0.038
APASS R 11.494 0.018
APASS I 11.452 0.030
2MASS J 10.849 0.027
2MASS H 10.635 0.031
2MASS KS 10.592 0.022

Table B.4. Photometry of TYC 3871–835–1 collected from APASS and
2MASS.

Band Magnitude Error
mag mag

APASS B 11.673 0.028
APASS V 11.408 0.046
APASS G 11.554 0.026
APASS R 11.417 0.070
APASS I 11.457 0.039
2MASS J 10.892 0.023
2MASS H 10.698 0.023
2MASS KS 10.640 0.014
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