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ABSTRACT

Several B-type main-sequence stars show chemical peculiarities. A particularly striking class are the *He stars, which exhibit a
remarkable enrichment of 3He with respect to “He. This isotopic anomaly has also been found in blue horizontal branch (BHB)
and subdwarf B (sdB) stars, which are helium-core burning stars of the extreme horizontal branch. Recent surveys uncovered 11 >He
sdBs. The 3He anomaly is not due to thermonuclear processes, but caused by atomic diffusion in the stellar atmosphere. Using a hybrid
local/non-local thermodynamic equilibrium (LTE/NLTE) approach for B-type stars, we analyzed high-quality spectra of two known
3He BHBs and nine known *He sdBs to determine their isotopic helium abundances and *He/3He abundance ratios. We redetermined
their atmospheric parameters and analyzed selected He I lines, including 14922 A and 16678 A, which are very sensitive to “He/*He.
Most of the *He sdBs cluster in a narrow temperature strip between 26 000 K and 30 000 K and are helium deficient in accordance
with previous LTE analyses. BD+48° 2721 is reclassified as a BHB star because of its low temperature (T = 20 700 K). Whereas “He
is almost absent (*He/*He < 0.25) in most of the known *He stars, other sample stars show abundance ratios up to *He/*He ~ 2.51.
A search for *He stars among 26 candidate sdBs from the ESO SPY survey led to the discovery of two new *He sdB stars (HE
0929-0424 and HE 1047-0436). The observed helium line profiles of all BHBs and of three sdBs are not matched by chemically
homogeneous atmospheres, but hint at vertical helium stratification. This phenomenon has been seen in other peculiar B-type stars,
but is found for the first time for sdBs. We estimate helium to increase from the outer to the inner atmosphere by factors ranging from

1.4 (SB 290) up to 8.0 (BD+48° 2721).
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1. Introduction

The chemical composition of a large fraction of stars is simi-
lar to that of the Sun. However, abundance anomalies can be
observed throughout many parts of the Hertzsprung—Russell dia-
gram (Michaud & Tutukov 1991). Some abundance anomalies
may be traced back to thermonuclear burning reaching the stellar
surface. Possible causes may be strong mass loss in Wolf-Rayet
stars (Langer 2012), internal mixing in PG 1159 stars (Werner &
Herwig 2006), or mass transfer in binaries, for example, in dwarf
carbon stars (Heber et al. 1993; Green 2000). In many cases,
however, the abundance anomalies result from atomic trans-
port, that is, diffusion processes occurring in the stellar atmo-
sphere (Greenstein 1967; see Michaud et al. 2015 for a detailed
review). For instance, there is no doubt that the surface abun-
dances of white dwarfs are caused by atomic transport processes.
Moreover, abundance anomalies are also observed on the main
sequence (MS) for B, A, and F-type stars (see, e.g., Smith 1996)
and for evolved stars on the horizontal branch (HB), such as blue
horizontal branch (BHB, T = 12 000 K) or extreme horizontal
branch (EHB, Tt =22 000 K) stars (see Heber 2009, 2016 for
reviews).

The latter particularly contain hot subluminous B stars
(sdBs), which have similar colors and spectral characteristics as
B-type MS stars, but are much less luminous and are consid-
ered to burn helium in their cores. These rather compact objects

Article published by EDP Sciences

(Rsg ~ 0.1-0.3 Ry) have very thin hydrogen envelopes (Meny ~
0.01 M) and total masses of My ~ 0.5 M. They show effec-
tive temperatures between ~22 000 K and ~40 000 K with high
surface gravities of log (g) ~ 5.0-6.0.

In a simplistic atmospheric diffusion model, the equilibrium
abundance of a particular element is set by a balance between
gravitational settling and radiative levitation, since the radia-
tion pressure experienced by an ion depends on its abundance.
However, such simple atomic diffusion models predict that the
atmospheres of all chemically peculiar B-type MS and EHB
stars should be depleted in helium to such low abundances on
timescales much shorter than the evolutionary one that no helium
spectral lines are predicted at all by atmospheric models in the
optical spectra of these stars. This is at odds with observations
(see Fontaine & Chayer 1997 for a review).

The existence of *He isotope enhancement in helium-weak
B-type MS stars with 14000K < T $21 000K (Sargent &
Jugaku 1961; Hartoog & Cowley 1979) as well as in BHB
(Hartoog 1979) and sdB stars with 27 000K < T.¢ <31000 K
(Heber 1987; Geier et al. 2013a) is also difficult to reconcile
with the simplistic diffusion model because of the general weak-
ness of the radiative acceleration of helium. In principle, the
4He/*He abundance ratio decreases with time since the more
massive *He settles more quickly than *He (Michaud et al. 2011,
2015). Unfortunately, the time needed to obtain the observed 3He
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Table 1. Transitions and isotopic shifts A1 := A(*He) — A(*He) of
selected Hel lines in the near-ultraviolet, optical, and near-infrared
spectral range up to principal quantum number n = 8.

Transition A (*He) 1 (CHe) AA
[A] [A] [A]
1525351—152p3Pg 10830.340 10831.658 1.318
1s2s38,—1s 3p3P(2) 3888.649 3888.862  0.213
1s2s3SI—ls4p3Pg 3187.745 3187.903 0.158
1s2s3S,-1s 5p3Pg 2945.104 2945.246  0.142
1s2s3S,—1s 6p3Pg 2829.081 2829.216  0.135
1s25351—1s7p3P(2) 2763.803 2763.934  0.131
1s2s3S,-1s 8p3Pg 2723.192 2723.320  0.128
1s25150—153p1P? 5015.678 5015.890  0.212
1s2s'Sp—1s4p IP? 3964.729 3964912  0.183
1s25150—1s5p1P? 3613.642 3613.812  0.170
1s2s 'Sy—1s 6p 1P? 3447.589 3447.753 0.164
1s2s'Sp—1s 7p1P(1) 3354.555 3354.715 0.160
1s2s'Sp—1s 8p IP? 3296.773 3296.930  0.157
1s2p lP(l)—ls 3s1'Sy  7281.351 7281.904  0.553
1s2p 1P‘l)—ls 3d'D, 6678.152 6678.654  0.502
1s2p 1P?—ls 4s's, 5047.739 5048.078 0.339
1s2p lP(l)—ls 4d'D,  4921.931 4922.262  0.331
1s2p 1P(l)—ls 5s'Sy  4437.553 4437.841 0.288
1s2p 1P‘l)—ls 5d'D,  4387.929 4388.213 0.284
1s2p 1P(l)—ls 6s'Sy  4168.971 4169.237 0.266
1s2p'P9-1s6d 'D,  4143.759  4144.023  0.264
1s2p 1P(l)—ls 7s'Sy  4023.980 4024.233 0.253
1s2p 1P‘l)—ls 7d'D,  4009.257 4009.509  0.252
1s2p lP(l)—ls 8s 1Sy 3935.945 3936.192  0.247
1s2p lP‘l’—ls 8d'D, 3926.544 3926.790  0.246
1s2p 3P(1)—ls 3538, 7065.215 7065.205  -0.010
1s2p 3P‘1)—ls 3d°D; 5875.625 5875.669  0.044
Is 2p3P(2)—ls4s381 4713.139 4713.208 0.069
1s2p 3Pg—l s4d3D;  4471.470 4471.544  0.074
Is 2p3P(2)—ls 5538, 4120.811 4120.887 0.076
1s2p 3Pg—ls 5d3D;  4026.184 4026.262  0.078
1s2p 3P(2)—ls6s381 3867.472 3867.550  0.078
1s2p 3Pg—ls 6d°D;  3819.602 3819.680  0.078
1s2p 3Pg—ls 7538, 3732.863 3732942  0.079
1s2p 3Pg—ls 7d3D;  3704.995 3705.074  0.079
1s2p 3P(2)—1s 8s3S, 3651.982 3652.060  0.078
1s2p 3Pg—ls 8d°D;  3634.231 3634.310  0.079

Notes. The listed transitions are implemented in NLTE in the *He and
“He model atoms used for this study (see Sect. 3.1 for details). All
wavelengths for the “He and *He components of the listed HeT lines
were extracted from the Atomic Spectra Database of NIST (https:
//physics.nist.gov/PhysRefData/ASD/lines_form.html). For
each individual line, only one of the transitions with the highest relative
intensity according to NIST is listed.

overabundances is too long compared to the stellar lifetime
(Vauclair et al. 1974; Michaud et al. 1979, 2011). That is
why other diffusion models such as the diffusion mass-loss
model for MS stars (Vauclair 1975) in combination with stellar
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fractionated winds (Babel 1996), the light-induced drift
(Atutov 1986; LeBlanc & Michaud 1993), meridional circula-
tions (Quievy et al. 2009; Michaud et al. 2008, 2011), or ther-
mohaline mixing were developed.

Hartoog (1979) discovered the first blue horizontal branch
star (Feige 86) to show the 3He anomaly. Heber (1987) clas-
sified two additional BHB stars (PHL 25 and PHL 382!) as
3He stars and discovered that the rotating sdB star SB 290
showed the same anomaly as well. Later, Edelmann et al. (1997,
1999, 2001) found another three sdBs (Feige 36, BD+48° 2721,
PG 0133+114) in which 3He is enriched in the atmosphere.
Geier et al. (2013a) added another seven *He sdBs. However,
3He stars are rare among sdBs. Heber & Edelmann (2004) esti-
mated that less than 5% of the sdB stars show this anomaly,
whereas Geier et al. (2013a) estimated a higher fraction of 18%.

Most of the *He BHBs and sdBs do not show periodic radial
velocity (RV) variations. Consequently, there is no evidence that
binary evolution facilitated the photospheric *He enrichment in
3He BHBs and sdBs. However, three *He sdB stars are known to
be close binaries (Feige 36, PG 1519+640, and PG 0133+114).
While Feige 36 has a RV semi-amplitude of K = 134.6kms™!
(Saffer et al. 1998) and a period of P=0.35386 + 0.00014d
(Moran et al. 1999), PG 1519+640 has K =36.7 = 1.2kms~! and
P =0.539 +0.003 d (Morales-Rueda et al. 2003a; Edelmann et al.
2004; Copperwheat et al. 2011). PG 0133+114 exhibits K =
82.0 + 0.3kms!and P=1.23787 + 0.00003 d (Morales-Rueda
et al. 2003b; Edelmann et al. 2005).

Identifying the possible diffusion processes occurring in the
stellar atmosphere of *He B-type stars is indispensable for the
detailed understanding of their evolution, and empirical informa-
tion on the photospheric “He/*He abundance ratios are required
to constrain theoretical concepts. *He is usually identified by pre-
cisely measuring the small isotopic shifts of the He I absorption
lines in the optical part of the spectrum. The isotopic shifts with
respect to the “He isotope vary from line to line. Physically, two
effects are important, as elaborated by Hughes & Eckart (1930):
1) a shift of term energies that affects all terms, AE = (Au/m)E,
where Au is the difference between the reduced masses of the
two isotopes, m is the electron mass, and E is the “He term
energy; 2) a specific shift that depends on the wave functions,
which becomes non-zero for a two-electron system such as He I
only for the P terms. While the reduced mass effect leads to
an overall reduction of the term energies for *He compared to
“He, the specific shift reduces the singlet P term energies and
increases the triplet ones. Table 1 lists all neutral helium line
transitions in the near-ultraviolet, optical, and near-infrared spec-
tral range up to principal quantum number n =8. While both
effects cancel out for the 3 P series to some extent (all correspond-
ing transitions have isotopic shifts of |A1] < 0.1 A), larger shifts
occur for the 'S, ?S, and 'P series (|A1]20.13 A) For exam-
ple, *He 1 5875 A is shifted only slightly (~0.04 A) toward red-
der wavelengths and can therefore be used as a reference line,
whereas the strongest isotopic line shifts in the optical amongst
others are observed for *He 1 7281 A, 3He 1 6678 ;\, and 3He 1

4922 A; they are ~0.55 A, ~0.50 A, and ~0.33 A, respectively

I There is no uniform classification of PHL 382. First, the star was
classified as a BHB star by Heber (1987). However, it might also be
an evolved low-mass star that has left the He-core burning phase (post-
BHB star). Finally, it could also be an MS star, as suggested by Kilkenny
& van Wyk (1990) and Dufton et al. (1993) because of its low surface
gravity. For the work at hand, we initially make use of the classification
of Heber (1987) and call PHL 382 a BHB star. This classification is
further discussed in Sect. 4.1.
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(see Table 1 and Fred et al. 1951). In order to precisely measure
the position of the lines in optical spectra, high signal-to-noise
ratios (S/N) are desirable. In general, the RV of the particular
3He star has to be well determined before the wavelengths of
the observed helium lines can be interpreted because it strongly
influences the measured isotopic line shifts and hence the abun-
dance ratio “He/*He. RVs can be measured best from the sharp
metal lines of the slowly rotating BHB and sdB stars.

Here, we present the final results of a quantitative spectral
analysis performed in order to determine the *He and “He iso-
topic abundances and the “He/>He abundance ratios of 13 sublu-
minous B-type stars. We also determined effective temperatures
and surface gravities as well as projected rotation velocities from
high-resolution spectra using Kurucz ATLAS12 model atmo-
spheres and allowing for NLTE effects for the synthesis of the
helium line spectrum using DETAIL and SURFACE. We used
updated model spectra that are discussed in detail in Sect. 3.1.
In order to search for possibly unclassified *He hot subdwarf B
stars, we selected candidates from a sample of 76 sdBs from the
hot subdwarf list of the ESO Supernova Ia Progenitor Survey
(ESO SPY; Napiwotzki et al. 2001).

In Sect. 2 an overview of the target sample and the
spectroscopic data is given. Section 3 describes the model
atmospheres and spectrum synthesis, the model grids, the spec-
troscopic analysis technique, and the general effect of “He/*He
on helium line formation. The resulting atmospheric parameters,
isotopic helium abundances, and abundance ratios are reported
in Sects. 4 and 5. Evidence for vertical helium stratification in
the 3He BHB and in three of the 3He sdB program stars is pre-
sented in Sect. 5.4. Section 5.5 provides a sensitivity study based
on mock spectra in order to verify and interpret the results. The
paper ends with a summary of the most important results and
gives an outlook on future work.

2. Target sample and data

The original target sample consisted of two known *He BHB
(PHL 25, PHL 382; Heber 1987) and 13 sdB stars. The lat-
ter consisted of eight known *He stars from Geier et al.
(2013a): EC 03263-6403, EC 03591-3232, EC 12234-2607,
EC 14338-1445, Feige 38, BD+48° 2721, PG 1519+640, and
PG 1710+490. Furthermore, the sdB sample included the rotat-
ing star SB 290 (Geier et al. 2013b), which was first discovered
to show He by Heber (1987), Feige 36 (Edelmann et al. 1997,
1999), and PG 0133+114 (Edelmann et al. 2001). For compar-
ison, two well-studied prototypical sdBs, HD 4539 and CD-35°
15910, were also included.

High-resolution spectra were obtained with five different
Echelle spectrographs (see Table B.1). While most stars were
observed with the FEROS spectrograph (R ~ 48000, 3530—
9200 A; Kaufer et al. 1999) mounted at the ESO/MPG 2.2m
telescope in La Silla, Chile, two spectra of BD+48° 2721 and
PG 17104490 were obtained using the FOCES spectrograph
(R ~ 40000, 3800-7000 A; Pfeiffer et al. 1998) mounted at the
CAHA 2.2 m telescope. Both the FEROS and the FOCES spec-
tra were reduced with the MIDAS (Munich Image Data Anal-
ysis System) package. The BHB star PHL 25 was observed
with the HRS spectrograph (R ~ 60000, 3660-9950 A; Tull
1998) mounted at the Hobby—Eberly telescope located at the
McDonald Observatory and Feige 36 using the HIRES spectro-
graph (R ~ 36 000, 4270-6720 A; Vogt et al. 1994) on the Keck
10m telescope. The FOCES spectra of PG 1519+640 and PG
0133+114 used in the RV study of Edelmann et al. (2005) were

insufficient for a quantitative spectral analysis of the stars, there-
fore we could not investigate the He anomaly for both stars.
The spectra of HE 0929-0424, HE 1047-0436, HE 2156-3927,
and HE 2322-0617 were taken with the UVES spectrograph
(R ~ 18 500, 3290-6640 A; Dekker et al. 2000) at the ESO VLT
in the framework of the ESO SPY project (Napiwotzki et al.
2001). These stars are discussed in Sect. 5.3.

We RV-corrected single spectra of all program stars and
coadded them in order to achieve a higher S/N, which is essential
for the analysis to be performed.

3. Methods
3.1. Model atmospheres and synthetic spectra

We calculated model spectra making use of a detailed >He model
atom that has been applied recently by Maza et al. (2014a). This
model atom is identical to that of “He by Przybilla (2005), except
that isotopic line shifts as measured by Fred et al. (1951) are
taken into account. In this model atom, all 29 singlet and triplet
terms for principal quantum number n<5 as well as 6 addi-
tional “superlevels” plus the He I ground state are considered
individually in the non-LTE calculations. Concerning “super-
levels”, the terms for n = 6-8 are grouped individually into one
level for singlets and triplets. All in all, a total of 162 explicitly
treated (multiplet) line transitions plus photoionizations from
all levels, free-free radiative processes, and all interconnecting
bound-bound and bound-free collisions are considered. Atomic
data from ab initio calculations are employed where available,
supplemented by approximations in all other cases, as given by
Przybilla (2005). The use of identical oscillator strengths, pho-
toionization cross sections, etc. for *He and “He is motivated by
the rather small effects of the isotopic shifts on the term struc-
ture and wave functions, which impact the atomic data on much
smaller scales than the intrinsic uncertainties attributed to them,
a few percent at best for ab initio oscillator strengths to an order
of magnitude for approximate data.

Auer & Mihalas (1973) showed that NLTE effects are quite
small for helium lines in the blue-violet region of the spec-
trum, whereas the red lines, in particular Hel 6678 A, are
considerably strengthened by departures from LTE (see the left-
hand panel of Fig. 1). The Hel 5875 A line is also strength-
ened, but less pronounced. Because the modeling of these
two lines is crucial for our spectroscopic analysis, it is most
important to model their line profiles as precisely as possi-
ble accounting for NLTE strengthening. Therefore, we used the
hybrid local thermodynamic/non-local thermodynamic equilib-
rium (LTE/NLTE) approach for B-type stars (Przybilla et al.
2006a,b, 2011; Nieva & Przybilla 2007, 2008). This approach
is based on the three generic codes ATLAS12 (Kurucz 1996),
DETAIL, and SURFACE (Giddings 1981; Butler & Giddings
1985, extended and updated). ATLAS12 model atmospheres were
computed in LTE, whereby plane-parallel geometry, chemical
homogeneity, and hydrostatic as well as radiative equilibrium
were assumed. These metal-rich and line-blanketed model atmo-
spheres were based on the mean metallicity for hot subdwarf
B stars determined by Naslim et al. (2013). Non-LTE occu-
pation number densities for hydrogen and helium as well as
for the included metals were determined with DETAIL, solv-
ing the coupled radiative transfer and statistical equilibrium
equations. Realistic line-broadening functions were used within
SURFACE in order to synthesize the full emergent flux spec-
trum. When solving the statistical equilibrium equations and the
radiative transfer for *He and *He, both isotopes were treated
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Fig. 1. Left-hand panel: model spectra for Hel 6678 A calculated in LTE (black curve) and NLTE (red and blue curve) for T,z =28 000K,
log(g) = 5.60, and log (y) = —2.00. Hel 6678 A is clearly strongly affected by NLTE effects. While the red model is based on “old” Stark
broadening tables for hydrogen and He I (Dimitrijevic & Sahal-Brechot 1990), the blue model uses “new” broadening tables from Beauchamp et al.
(1997). Right-hand panel: same as the left-hand panel, but zoomed-in. The difference between the “old” (red curve) and “new” (blue curve) model
is marginal, but sufficient in order to explain small deviations in atmospheric parameter determination (see Sect. 3.1 for details).

Table 2. Model atoms for non-LTE calculations.

Ton Model atom
Hi Przybilla & Butler (2004)

He 1/l Przybilla (2005)

Ci/m Nieva & Przybilla (2006, 2008)
N1 Przybilla & Butler (2001)¢
on Becker & Butler (1988)¢

Ne1/1 Morel & Butler (2008)“

Mg Przybilla et al. (2001)

Al Przybilla (in prep.)
Si 11/1m1/1v Przybilla & Butler (in prep.)

S/ Vrancken et al. (1996)%
Arn Butler (in prep.)

Fe11/m Becker (1998), Morel et al. (2006)“

Notes. @ Updated and corrected models as described by Nieva &
Przybilla (2012).

simultaneously since all of their spectral lines overlap. In addition
to hydrogen (HI) and helium (He I/11), the calculated synthetic
spectra included spectral lines of C11/1r, N 11, O 11, Ne 1/11, Mg 11,
Al Si1/m/1v, ST/, Ar1r, and Fe I/ (see Table 2), which
were used to precisely measure radial as well as projected rotation
velocities. This hybrid LTE/NLTE approach has been applied to
hot subdwarf B stars before by Przybilla et al. (2005), Geier et al.
(2007), and Latour et al. (2016). It was also used for the prelimi-
nary results presented in Schneider et al. (2017). However, hotter
BHB stars are analyzed with a hybrid LTE/NLTE technique for
the first time here”.

ATLAS12, DETAIL, and SURFACE were modified to
account for level dissolution of the HI and Hell levels as
described by Hubeny et al. (1994). Moreover, we used updated
Stark broadening tables for hydrogen and Hel according to
Tremblay & Bergeron (2009) and Beauchamp et al. (1997),
respectively. The latter were used for all synthesized He' lines,
if the particular parameter space (effective temperature, surface
gravity, helium abundance) and therefore the respective atmo-

2 Przybilla et al. (2010) provided a hybrid LTE/NLTE study of the fast
halo BHB star SDSSJ153935.67+023909.8 in order to constrain the
mass of the Galactic dark matter halo. By making use of the same hybrid
approach, Marino et al. (2014) analyzed HB/BHB stars in the globular
cluster NGC 2808. However, all previously investigated BHBs are cooler
than those in our sample, which are PHL 25 and PHL 382.
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Table 3. Model grid used for the quantitative spectral analysis of sdBs.

Parameter Grid size Step size

Tegr 20000K-35000K  1000K
log (9) 5.0-6.0 0.2
log n(*He) a 0.2
log n(*He) a 0.2

Notes. Y Depending on the individual star.

spheric electron densities of the helium line formation depths
were included in these tables. Otherwise, Stark broadening
tables for He I according to Dimitrijevic & Sahal-Brechot (1990)
were used. As an example, the right-hand panel of Fig. 1 dis-
plays the influence of the new broadening tables on He 1 6678 A.
The influence is marginal, but sufficient in order to explain small
deviations in atmospheric parameter determination compared to
the preliminary results presented in Schneider et al. (2017).

3.2. Model grid

We determined the particular atmospheric parameters through a
grid of model spectra in a four-dimensional parameter space. A
multi-dimensional mesh spanned by effective temperature, sur-
face gravity, and isotopic helium abundances was calculated for
the analysis of the sdBs (see Table 3). Arbitrary parameter com-
binations within this mesh were approximated by linear inter-
polation between the calculated synthetic spectra. A detailed
description on how the individual model spectra were calculated
can be found in Irrgang et al. (2014). Since the parameter regime
for BHB stars (PHL 25, and PHL 382) is not covered by the cal-
culated grid for sdBs, we used small tailored meshes with the
same step sizes as given in Table 3 in order to investigate them.

3.3. Spectroscopic analysis technique

The spectral analysis made use of the objective, y>-based spec-
troscopic approach as described by Irrgang et al. (2014). This
approach uses the whole spectrum at once. The entire wave-
length range of the model spectrum, including all synthesized
metal lines, can be adjusted to the real spectrum according
to the Doppler effect in order to precisely determine both the
radial, v.,4, and the projected rotation velocity, v sin i. We set both
macroturbulence £ and microturbulence £ to zero, since there is
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Fig. 2. Left-hand panels: folded (R = 50 000) model spectra showing He1 4922 A, He1 5875 A, and He1 6678 A for fixed effective temperature
T = 28 000K, fixed surface gravity log (g) = 5.60, fixed total helium abundance log n(*He + *He) ~ —2.00, but for four different combinations
of 3He and “He abundances. The corresponding isotopic helium abundances are logn(*He) = —4.00 and log n(*He) = —2.00 (black curve),
log n(*He) = —2.30 and log n(*He) = —2.30 (red curve), and log n(*He) = —2.00 and log n(*He) = —4.00 (blue curve), respectively. In addition, a
model spectrum for log n(*He) = —2.05 and log n(*He) = —3.05 is shown in magenta. Right-hand panels: same as the left-hand panels, but for a

fixed total helium abundance of log n(*He + *He) ~ —1.00.

no indication for additional line-broadening due to these effects
in sdB stars (Geier & Heber 2012). In total, six free parameters
were fitted simultaneously: Teg, log (g), log n(*He), log n(*He),
Urad», and vsin i.

We used gradient methods such as mpfit in combination
with non-gradient minimization algorithms such as powell and
simplex in order to find the global minimum of the individual y?
landscape, which was generally well-behaved such that the best
fit was found after a relatively small number of steps. We also
determined 1o (=68%) single parameter confidence intervals for
all derived quantities.

Features that were not properly included in the models used
were excluded from fitting. Such features could be cosmics, nor-
malization problems, interstellar or telluric lines, dead or hot
pixels, reduction artifacts, noise or non-overlapping diffraction
orders at the end of the individual spectra, or photospheric lines
with inappropriate or inaccurate atomic data.

3.4. Influence of the isotopic abundance ratio and total
helium abundance on the shape of helium lines

The different isotopic line shifts strongly influence the helium
line shapes and depend on both the “He/>He isotopic abundance
ratio and on the total helium abundance. The dependence on the
“He/*He ratio is demonstrated in the left-hand panels of Fig. 2,
where we display different synthetic profiles for Hel 4922 A
(top panel), Hel 5875 A (middle panel), and HeI 6678 A (bot-
tom panel) calculated for T4 =28000K and log(g) = 5.60,
that is, typical for an sdB star, but for a fixed total helium abun-
dance of log n(*He + *He) ~ —2.00. Because of the small iso-
topic shift, the shape of Hel 5875 A varies very little when the

abundance ratio is varied between *He/*He = 1/100 and 100.
However, the shapes of the profiles of He 14922 A and He 16678 A
change significantly. The effect of the isotopic anomaly is most
pronounced for a ratio of unity, for which the HeT 6678 A line
develops a hump absorption profile. For *“He/*He as high as 100,
oras low as 1/100, the distortion of the line profiles by the minority
isotope is invisible to the eye. Hence, we may be able to deter-
mine the isotopic ratio from HeT 4922 A and HeT 6678 A if it
lies within this range. At *“He/>He = 1/10 (see the magenta line
in Fig. 2), the line asymmetry remains detectable for He 1 6678 A
but not for He 14922 A because of the smaller isotopic line shift,
which means that HeT 6678 A is the more sensitive diagnostic
tool. Increasing the total helium abundance generally results in
stronger absorption lines with much broader line wings. This is
shown in the right-hand panels of Fig. 2, where the same pro-
files are displayed as in the left-hand panels, but for a total helium
abundance of log n(*He + *He) ~ —1.00. Interestingly, the hump
absorption profile for an abundance ratio of unity can now be iden-
tified for He 14922 A as well.

4. Atmospheric parameters and projected rotation
velocities

Effective temperatures and surface gravities of the program stars
were determined by fitting the calculated model spectra to the
hydrogen and helium lines of the observed spectra listed in
Table B.1. In addition, sharp metal lines were used for a precise
determination of vyq and vsini. Preliminary results have been
reported by Schneider et al. (2017), which were based on stan-
dard ATLAS12 model atmospheres and a DETAIL/SURFACE
spectrum synthesis, that is, without the modifications described
in Sect. 3.1.
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Table 4. Effective temperatures, surface gravities, total and isotopic helium abundances, and abundance ratios of the analyzed subluminous B-type

stars.

A&A 618, A86 (2018)

n(*He)

Object Tet log (g[cm s‘z]) log n(4He + 3He) log n(4He) log n(3 He) 2CHo) References
(K]

HD 4539 23200 + 100 5.20 + 0.01 -227+024 227 £ 001 <-4.89 >410° (1]
CD-35° 15910 27200 + 100 5.39 + 0.01 -2.94 £ 0.23 -2.94 + 0.01 <—4.89 >80¢ [1]
27000 = 1100 532 + 0.14 -2.90 + 0.10 2]
PHL 25 19500 + 100 4777007 -242£018  -275+ 003" -2.69 = 0.03° 0.87: [
PHL 382” 17600 = 100 3.92 + 0.01 -254£020 325+ 005" -2.63 = 0.02° 0.24 : [
BD+48° 2721° 20700+ 190 4.81 + 0.02 -2.5170% —3.3470.0% —2.57+0.0% 0.17: (1]
24800 + 1100 5.38 + 0.14 -2.23 £ 0.10 2]
SB 2907 ¢ 26600 + 100 5.42 + 0.01 —2.69 + 0.22 -3.7370128 —2.73 + 0.02° 0.10 : 1
EC03263-6403 29000 + 200  5.21 + 0.02 -2.84 + 0.24 _4.751353 -2.85*003  0.01 + 0.01 [1]
29300 + 1100 5.48 + 0.14 -2.51 = 0.10 (2]
EC 03591-3232> 28700 £ 100 5.61 % 0.01 -2.09 + 0.23 351801080 211 + 0.01° 0.04 : (1]
28000 + 1100 5.55 + 0.14 -2.03 £ 0.10 2]
EC 12234-2607" 28900 + 100 5.62 % 0.02 -1.5315% -1.65:0030 2,14 £ 0.05° 3.09: [1]
28000 + 1100 5.58 + 0.14 -1.58 = 0.10 2]
EC 14338-1445 27900 + 100 5.461001 -3.01 = 021 -3.754007 -3.10 £ 0.03 022 + 0.09 (1]
27700 + 1100 5.54 + 0.14 -2.82 + 0.10 2]
Feige 38 28200 £ 100 5.61 + 0.01 -2.70 + 0.21 —3.481008 -2.78 + 0.02 0.2070:08 [1]
PG 1710+490 29200 + 100 5.72 + 0.02 -2.66 + 0.22 -3.67+000 =270 £ 0.01  0.11 + 0.04 (1]
Feige 367 29400 £ 100 5.97 + 0.01 -2.18*018 —2.49j§{§g —2.48+004 0.98+03 (1]
29800 + 100 5.97 = 0.02 -2.17 £ 0.02 [3]
HE 0929-04247 29300 + 100 5.65 + 0.01 195+ 019  -210+003 -250+ 006 251 = 091 (1]
29602 + 529 5.69 £ 0.07 -2.01 = 0.07 [4]
HE 1047-0436¢ 29800 + 100 5.65 + 0.01 -244 + 0.18 -276 £ 0.04 =272+ 003 091 + 032 (1]
30280 + 529 571 + 0.07 -2.35 + 0.07 4]

Notes. We compare effective temperatures, surface gravities, and total helium abundances from this work to literature values, where the same high-
resolution spectra have been analyzed, but a different approach has been used (see Sect. 4.2 for details). We give 1o statistical single parameter errors
for Tes, log (g), log n(*He), and log n(CHe). The systematic uncertainties are +2% in Tes, and +0.10 for log (g), log n(*He), and log n(CHe) in all
cases. In the case of log n(*He + 3He) and n(*He)/n(*He), the given uncertainties result from the statistical and systematic errors on log n(*He) and
log n(*He), for which Gaussian error propagation was used. “The solar value of log n(*He) = —4.89 was adopted. ” Anomalous helium line profiles
(see Sect. 5.4). Therefore, the isotopic abundance ratio n(*He)/n(*He) is uncertain as indicated by a colon. (C)Rotating star. @RV-variable star.
References. (1) This work; (2) Geier et al. (2013a); (3) Edelmann et al. (1999); (4) Lisker et al. (2005).

4.1. Effective temperatures, surface gravities, and helium
content

Table 4 lists the resulting effective temperatures, surface grav-
ities, and helium abundances. Because statistical uncertainties
are small, the error budget is dominated by systematic uncertain-
ties. As suggested in the study of Lisker et al. (2005), we added
systematic uncertainties of +2% for the effective temperatures
and +0.1 for log (g). Given uncertainties on log n(*He + He)
in Table 4 result from Gaussian error propagation, for which we
used +0.1 as systematic errors for logn(*He) and log n(*He),
respectively. All stars are helium-deficient compared to the solar
helium abundance, and except for EC 12234-2607 show typi-
cal abundances of —2.00 < log n(*He + 3He) < —3.00. Figure 3
shows the T.g—log (g) diagram, where we compare our results
to predictions of evolutionary models for the horizontal branch
and beyond assuming solar metallicity and canonical masses
between 0.471 M and 0.490 M, (Dorman et al. 1993). Most of
the analyzed *He stars lie within the EHB band, as expected. EC
03263-6403 has already evolved beyond the helium-core burn-
ing phase as the star lies above the canonical HB. The same is
true for the post-BHB star PHL 382. Consequently, EC 03263—
6403 and PHL 382 should have evolved off the HB and there-
fore should not be burning helium at their cores. Moreover, it is
worthwhile to note that Feige 36 lies below the ZAEHB, which
may be explained by a lower-than-canonical mass of the star
(see Kupfer et al. 2015). Most importantly, however, all 3He
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stars cluster in a narrow temperature strip between ~26 000 K
and ~30000 K, very similar to the results of Geier et al. (2013a).

4.2. Results from NLTE versus LTE analyses

Nine of the 3He sdB stars have been analyzed from the same
high-resolution spectra used here (see Edelmann et al. 1999;
Lisker et al. 2005; Geier et al. 2013a for details). All published
analyses made use of the grid of metal line-blanketed LTE model
atmospheres and spectral synthesis described by Heber et al.
(2000). Atmospheric parameters were determined by fitting the
observed hydrogen Balmer and helium lines to grids of synthetic
spectra in a similar way to the analysis presented here. Previous
analyses also relied on y? minimization, but used the codes of
Napiwotzki (1999) or its variant SPAS (Hirsch 2009; see, e.g.,
Copperwheat et al. 2011 for a detailed description) and a solar
or supersolar metallicity.

Hence, a comparison of our results to the published ones
allows us to test systematic effects, that is, the cumulative impact
of departures from LTE, different metal contents, and the dif-
ferent analysis strategies used (objective y>-based spectroscopic
approach vs. SPAS). In Table 4 we compare our results to the
published ones for the relevant stars.

No systematic differences can be identified between the
two approaches for effective temperatures and surface gravities.
We therefore conclude that the cumulative effect of departures
from LTE, different metal contents, and the different analysis
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Fig. 3. T.z—log (g) diagram of the program stars. While known *He
sdBs from our sample are marked in black, the two *He-enriched ESO
SPY sdBs (HE 0929-0424, HE 1047-0436; see Sect. 5.3) are marked
in red. The three blue dots at the cool end of the sequence represent
PHL 25, PHL 382, and BD+48° 2721, highlighted with a solid circle
(see Sect. 4.2 for details). The zero-age (ZAHB) and terminal-age hori-
zontal branch (TAHB) as well as evolutionary tracks for different stellar
masses but solar metallicity according to Dorman et al. (1993) are also
shown with dashed and dotted lines, respectively.

strategies is minor. All values agree to within the given uncer-
tainties, except for BD+48° 2721 and EC 03263-6403. In the
case of EC 03263-6403, we derived a lower surface gravity of
log (g) = 5.21 £ 0.11 compared to literature values (5.48 + 0.14).
However, we derived a drastically lower T.x by ~4000 K and
log (g) by ~0.57 for BD+48° 2721, although we used the same
FOCES spectrum as Geier et al. (2013a). At T.z=20700 =+
600K and log (g) = 4.81 + 0.11, the atmospheric parameters of
BD+48° 2721 are quite similar to those of the BHB star PHL 25.
Because of this similarity, BD+48° 2721 should no longer be
considered an sdB, but should be reclassified as a BHB star.

4.3. Rotational broadening

Subluminous B stars are slow rotators, unless they are spun up by
a compact companion (Geier et al. 2010; Geier & Heber 2012).
Projected rotational velocities have been reported for all *He sdB
stars to be low, that is, close to the detection limit, which is on the
order of the typical spectral resolution element of the instrumen-
tal profile (~5-8 kms™!). Our analysis of the metal line profiles
confirms the slow rotation, which implies that rotation is irrele-
vant for modeling the helium line profiles to determine the iso-
topic abundances and the abundance ratios. However, there are
two exceptions. Although apparently single, SB 290 is known to
be a rapid rotator. Geier et al. (2013b) derived the projected rota-
tion velocity from metal lines to be vsini = 48.0 + 2.0kms™!.
They noted, however, that the observed helium lines require a
higher rotational broadening of vsini = 58.0 + 1.0kms™' to be
matched by synthetic spectra. We confirm this discrepancy and
discuss it in Sect. 5.4. PHL 382 also shows significant rotation,
but at a lower vsini = 12.9 + 0.1kms™! than SB 290.

5. Isotopic helium abundances

Using the calculated model spectra presented in Sect. 3, we inves-
tigated selected He I lines in the optical spectral range for all pro-
gram stars. The selection criterion for each line under investiga-
tion was its respective strength, which obviously depends on the

log(n(*He))
I
w
log(n(*He))

6 18 20 22 24 26 28 30 32

Tett [1000 K]
Fig. 4. 3He (red) and “He (blue) abundances of the analyzed stars plot-
ted against effective temperature. Stars showing anomalous helium line
profiles (see Sect. 5.4) are marked with squares. Triangles represent *He
stars for which we were able to match the helium line profiles. In addi-
tion, both He-normal comparison stars (HD 4539 and CD-35° 15910)
are marked with crosses. Their *He upper limits (see Table 4) are not
displayed.

helium abundance. In consequence, we did not use the same He I
lines for the abundance analysis of each individual star. The anal-
ysis focused on a detailed synthesis of the composite helium line
profiles in order to derive both isotopic abundances (*He and *He)
and the abundance ratios (*He/*He). Unfortunately, He1 7281 A
either was not covered in the spectral range of the Echelle spectro-
graphs used (FOCES, UVES) or was truncated due to the different
diffraction orders (HRS). If covered (FEROS), He1 7281 A was
too weak to be useful. In order to study the *He anomaly in all pro-
gram stars, we therefore had to rely on the strong He 16678 A and
He 14922 A lines as the most important signatures for “He/>He in
the optical spectral range.

The derived *He and *He abundances and the isotopic abun-
dance ratios are listed in Table 4. As expected, the changes due
to the new broadening tables for Hel are only minor (com-
pare Table 4 with Table 3 in Schneider et al. 2017). There is
also no systematic trend visible between the hybrid LTE/NLTE
approach used here and LTE literature values regarding helium
abundances.

Figure 4 summarizes the isotopic helium abundances in a
T.r—logn(*He) and T.g—logn(*He) diagram for all program
stars. While all “He abundances are clearly subsolar (solar *He
abundance: log n(*He) = —1.11; Asplund et al. 2009), the He
abundances are strongly overabundant compared to the solar *He
value of log n(*He) = —4.89 (Asplund et al. 2009).

In the following, the results on isotopic abundances and
abundance ratios are presented for the He-normal comparison
stars (Sect. 5.1), five known *He sdBs (Sect. 5.2), and two from
the ESO SPY survey (Sect. 5.3). We find anomalous helium line
profiles for all 3He BHB and three *He sdB stars, which are dis-
cussed in Sect. 5.4. Last, a sensitivity study in order to verify the
results is provided in Sect. 5.5.

5.1. He-normal subdwarf B stars HD 4539 and CD-35°
15910

The fit of all suitable “He absorption lines of HD 4539 and
CD-35° 15910 is precise. As an example, Fig. 5 displays the
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Fig. 5. Selected He I helium lines in the FEROS spectrum of the He-normal comparison star HD 4539. The observed spectrum (solid black line)
and the best fit (solid red line) are shown. The dashed vertical lines display the >He (green) and *He (blue) component of the individual helium

line according to the wavelengths listed in Table 1.

line fits for the FEROS spectrum of HD 4539. Only small devi-
ations between fit and observed spectrum are visible in the line
wings of He1 4472 A and He1 4922 A, which are related to the
respective forbidden component, and the predicted line cores of
He 15875 A and He 16678 A, for instance, are slightly too strong.
Neither comparison sdB shows any traces of *He at all (see also
Table 4). Synthetic spectra for HD 4539 and CD-35° 15910 were
calculated using the solar value of log n(*He) = —4.89 (Asplund
et al. 2009).

5.2. 3He subdwarf B stars

Most of the known 3He sdB stars (EC 03263-6403, EC 14338—
1445, Feige 38, PG 1710+490, and Feige 36) show fits of sim-
ilar quality as the He-normal stars. Figure 6 shows the helium
line fits for the FEROS spectrum of EC 03263-6403. Given
the higher noise level of the spectra, these fits are satisfactory.
Photospheric He is clearly detectable in these stars, as can
be seen from the *He and *He abundances listed in Table 4.
Feige 36 shows a balanced abundance ratio of *He/*He ~ 0.98,
whereas for EC 03263—-6403, EC 14338-1445, Feige 38, and PG
1710+490, “He is almost absent (*He/*He < 0.25).
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5.3. Two new 3He subdwarf B stars from the ESO SPY
project

The most comprehensive and homogeneous sample of sdB stars
for which high-resolution spectra are available emerged from the
ESO SPY project (Napiwotzki et al. 2001). Overall, the sam-
ple included 76 sdBs for which UVES spectra at the ESO VLT
were obtained. These spectra were analyzed by Lisker et al.
(2005), but no search for the He anomaly has been carried out
because the UVES spectra did not cover Hel 7281 A or Hel
6678 A. We revisited the list of classified sdBs in the frame-
work of ESO SPY in order to spectroscopically study the *He
anomaly. Our focus had to be on Hel 4922 A, the strongest
and most sensitive line to *He in the spectral range of UVES
(32906640 A). In a first step, we preselected 26 candidates with
effective temperatures between ~27 000 K and ~31 000 K typical
for 3He-enriched sdBs (Geier et al. 2013a). Some of the candi-
dates were too helium-deficient to show HeI 4922 A so that we
could not investigate the 3He anomaly in those stars. We spec-
troscopically analyzed the remaining candidates and identified
two of them as *He-enriched sdBs by means of their isotopic
abundance ratios. These stars (HE 0929-0424, HE 1047-0436;
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Fig. 7. Same as Fig. 5, but for the UVES spectrum of the formerly unclassified >He star HE 1047-0436. The actual fit (solid red line) together with
a model spectrum for the same atmospheric parameters but no *He (dotted red line) is shown. No metals were synthesized for the latter.

see Table 4) were classified as close binaries by Karl et al.
(2006) and Napiwotzki et al. (2001), respectively. HE 0929—
0424 has a semi-amplitude of K 1143 + 1.4kms™! and
a period of P = 0.4400 + 0.0002d, whereas HE 1047-0436
has K = 94.0 + 3.0kms™' and P = 1.21325 + 0.00001 d.
With HE 0929-0424 and HE 1047-0436 being short-period sdB
binaries, the total number of known close sdB binaries showing
3He increases to five (PG 1519+640, Feige 36, PG 0133+114,
HE 0929-0424, and HE 1047-0436).

We also classified HE 2156-3927 and HE 2322-0617 as
3He-enriched sdBs in the framework of the preliminary results

presented in Schneider et al. (2017). However, Lisker et al.
(2005) found that both stars show features of cool companions,
such as the Mg triplet between 5167 A and 5184 A, which we
can confirm here. In the case of HE 2156-3927, they deter-
mined the companion type to be K3, whereas the companion of
HE 2322-0617 is of somewhat earlier spectral type (G9).
Because the respective cool companion therefore already sig-
nificantly contributes to the total flux at the spectral range of

Her1 4922 A, we cannot be sure that our detection of *He for
HE 2156-3927 and HE 2322-0617 is real. Further investigations
have to be conducted in order to consolidate the *He hypothesis.

A104, page 9 of 19


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833182&pdf_id=6
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833182&pdf_id=7

A&A 618, A86 (2018)

g
=)

o
©

Normalized Flux

“He
3He

o
o

-
N

-
=)

o
o

Normalized Flux

“He
*He

o
o

4023 4024 4025 4026 4027 4028 4029

4119.5 4120.0 4120.5 4121.0 4121.5 4122.0 4122.5

4123.0

g
=)

o
o

Normalized Flux

“He
*He

o
o

Normalized Flux

“He
3He

0.6

4384 4386 4388 4390 4392 4394

4468 4469 4470 4471 4472 4473 4474 4475 4476

=
]

Iy
=)

Normalized Flux
o
©o

“He
*He

o
o

Normalized Flux

0.6

IS
S

10 4711 4712 4713 4714 4715 4716

=
N

4919 4920 4921 4922 4923 4924 4925 4926

g
=)

o
©

Normalized Flux

o
o

Normalized Flux

“He
*He

5019

[
o

13 5014 5015 5016 5017 5018

=
]

5872 5873 5874 5875 5876 5877 5878 5879 5880

g
=)

P APAPRAA A AA \ W

\ /

4
o

Normalized Flux

“He
*He

o
o

g
=)

\{

4
o

Normalized Flux

“He
3He

e
o

6675 6676 6677 6678 6679

A(A)

6680 6681 6682 6683

7061 7062 7063 7064 7065

A A

7066 7067 7068 7069
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for details).

HE 0929-0424 and HE 1047-0436 have significantly higher
isotopic abundance ratios than the stars discussed in Sect. 5.2
except for Feige 36 (see Table 4). This is likely a selection
effect, however, because the detection limit for *He particularly
increases when Hel 6678 A is not observed, as we discuss in
Sect. 5.5. In addition, the analyzed UVES spectra had lower
S/N ratios than those of most other stars (see Table B.1). We
managed to fit most of the helium lines for HE 0929-0424 and
HE 1047-0436. As an example, the line fits for the UVES spec-
trum of HE 1047-0436 are displayed in Fig. 7. Based on the
isotopic line shifts observable in the spectrum of the star, in
particular for He1 4922 A and He1 5015 A, 3He enrichment is
obvious.

5.4. Helium line profile anomalies and vertical stratification

We were able to fit the observed helium line profiles very pre-
cisely for the two He-normal comparison stars and five *He
sdBs. Most remarkably, however, we were unable to satisfacto-
rily reproduce the helium line profiles in the case of all analyzed
3He-enriched BHB stars (PHL 25, BD+48° 2721, and PHL 382;
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see Figs. 8, 9, and A.1) and the 3He sdBs EC 03591-3232, EC
12234-2607, and SB 290 (see Figs. A.2 and A.3). A signifi-
cant mismatch of the cores of many strong Hel lines is obvi-
ous. Only some of the weakest HeI lines could be matched sat-
isfactorily. The most prominent cases are PHL 25 and BD+48°
2721 (see Figs. 8 and 9). To a lesser extent, discrepancies are
also visible for PHL 382, EC 03591-3232, EC 12234-2607, and
SB 290 (see Figs. A.1, A.2, and A.3). Because of the high rota-
tion velocity of ~50kms~! of SB 290 (see Sect. 4.3) and the line
broadening it causes, a more obvious mismatch as seen for the
other relevant stars might be hidden to some extent. To test this,
we convolved both the observed and the synthetic spectrum of
the non-rotating *He sdB EC 03591-3232 with a rotational pro-
file for vsini ~ 50kms~!. In this way, we reproduced similarly
strong mismatches in the broadened helium line profiles of the
star as seen for SB 290. Therefore, we conclude that the strong
line broadening in the case of SB 290 indeed hides greater short-
comings in fitting.

Because of the insufficient line matches, the resulting abun-
dance ratios for the relevant stars in Table 4 are uncertain. Except
for PHL 25 and EC 12234-2607, however, we conclude that
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Fig. 9. Same as Fig. 5, but for the FOCES spectrum of the *He star BD+48° 2721. The star shows strong helium stratification, as is obvious from

the mismatch of the cores of many HeT lines (see Sect. 5.4 for details).

3He has to be the dominant isotope. Generally, we found no evi-
dence that the stars with anomalous helium line profiles have
more atmospheric helium than other program stars, although
EC 03591-3232 and EC 12234-2607 belong to the most He-rich
stars (see Table 4).

We calculated the entire helium line spectrum for a large
variety of helium abundances, but none of them could simul-
taneously match both the wings and the cores of the analyzed
helium absorption lines of the relevant stars. Specifically, HeI
4026 A and Hel 4472 A exhibit shallow cores in combination
with unusually broad wings (see, e.g., Figs. 9 and A.1), indi-
cating that helium is not homogeneously distributed through-
out the stellar atmosphere, but instead shows a vertical
abundance stratification. The shallow line cores indicate a lower-
than-average helium abundance in outer atmospheric layers,
where the cores are formed. The strong line wings require a
higher-than-average helium abundance in deeper atmospheric
layers, where the wings are formed. The farther out in the stellar
atmosphere the particular helium absorption line core is formed,
that is, the stronger the individual line, the poorer the repro-
duction of the line core (see Figs. 8, 9, A.1, A.2, and A.3). In
addition to 14026 A and 14472 A, this particularly applies to
4922 A, 15016 A, 15875 A, 16678 A, and 17065 A and indi-
cates that the helium abundance indeed has to be higher in deeper
layers of the atmospheres than in the outer ones. The apparent
discrepancy in projected rotational velocities determined from
helium lines being larger than from metals in the case of SB
290 (see Sect. 4.3) can thus be explained as an effect of helium
abundance stratification. Furthermore, Geier et al. (2013a) were

not aware of the helium-stratified atmosphere of BD+48° 2721.
Together with a different choice of helium lines for their spectral
analysis, this might be the crucial factor for the discrepancy of
the stellar atmospheric parameters (see Sect. 4.2).

Helium stratification has been reported for a few *He B-type
stars so far (see, e.g., Bohlender 2005). This includes B-type MS
stars such as the helium-variable star aCen (Leone & Lanzafame
1997; Bohlender et al. 2010; Maza et al. 2014b), the prototype
HgMn star « Cancri (Maza et al. 2014a), and the chemically
peculiar 3He star HD 185330 (Niemczura et al. 2018). Helium
stratification has also been found in Feige 86, a well-studied
BHB star (Bonifacio & Hack 1995; Cowley & Hubrig 2005;
Cowley et al. 2009; Németh 2017), and in other chemically pecu-
liar stars by Dworetsky (2004) and Castelli & Hubrig (2007), for
example. However, this is the first time that it has been detected
in subdwarf B stars.

In order to reproduce the observed helium line profiles and
to estimate the total helium abundance, log n(*He + 3He), in the
outer and inner stellar atmospheres, we applied a two-component
fit (see also Maza et al. 2014a). To this end, we chose the strong
Hel lines at 14026 A and 14472 A. Their line cores are formed
farther out than their line wings. Trying to match the line cores
and wings of both lines individually, we performed four fits by
eye for the relevant stars, fixing the values for effective tempera-
ture, surface gravity, and projected rotation velocity determined
in Sect. 4. We also estimated errors for log n(*He + *He) by vary-
ing the total helium abundance until clear mismatches in cores
and wings, respectively, become obvious. Table 5 summarizes
the results. As an example, Fig. 10 compares the best-fit model
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Table 5. Total helium abundance, log n(*He + *He), of the individually performed fits by eye for the helium-stratified program stars (see Sect. 5.4

for details).
Fitted line PHL25 PHL382 BD+48°2721 SB290  EC03591-3232 EC 12234-2607
He14026A core  -2.50%030 -2.65*013  -2.50 = 0.15 -245%015  -2.15 + 0.15 -1.80%049
He14026 A wings  —1.79%0% —1.82%%  —1.80 = 030 ~2.30703] -1.80%02 —1.45%030
He14472Acore  —3.00702% —2.68*1%  —-2.80702%0  —2.75%040 -2.40%020 -2.35 £ 0.20
He14472 A wings  -2.10*030  —1.95*01> 190 + 020 -2.29*0% -1.8570% —1.457039

Notes. Given errors result from the fits by eye (see Sect. 5.4 for details).
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Fig. 10. Left-hand panel: best fit by eye for the line core (solid red line, logn(*He + >He) = —2.50) and the line wings (dotted red line,
log n(*He + *He) = —1.79) of Hel 4026 A in the HRS spectrum of PHL 25 (solid black line). Right-hand panel: same as the left-hand panel,

but for He14472 A. The total helium abundances are log n(*He + *He) =

spectrum for the investigated helium lines to the HRS spectrum
of PHL 25.

The helium abundance overall increases from outer to inner
atmospheric layers of the analyzed stars (see Table 5). For He
4026 A, the total helium abundance increases by ~0.15 dex for
SB 290 up to ~0.83 dex for PHL 382. Derived from He 14472 A,
the helium abundance increases with depth even more signifi-
cantly, by ~0.46dex for SB 290 up to ~0.90dex for PHL 25,
EC 12234-2607, and BD+48° 2721, respectively. Depending on
the individual stratified star, we hence estimate that the helium
abundance increases by a factor of ~1.4-8.0 from the outer to
the inner atmosphere. This is a clear indication for an inhomo-
geneous distribution of helium in the atmosphere, or in other
words, for vertical abundance stratification.

Last but not least, we highlight the position of the helium-
stratified program stars in the T.g—log (g) plane (see Fig. 11).
They populate the whole effective temperature sequence, and in
contrast to the He sdBs, they do not cluster in a certain temper-
ature regime.

5.5. Sensitivity study

Most of the known *He sdB stars from Geier et al. (2013a) show
“He/*He < 0.25 (see Table 4). Given the range in S/N of the
observations, what are the detection limits for “He?

We added Gaussian noise to spectra computed with
the parameters and S/N ratios given in Tables 4 and B.l
for three program stars: EC03263-6403 =Model I, BD+48°
2721 =Model II, and HE 1047-0436 =Model III. BD+48°
2721 was chosen for its high S/N ratio (~84; see Table B.1),
EC 03263-6403 for its low isotopic ratio (*He/*He ~ 0.01;
see Table 4), and HE 1047-0436 for having the lowest “He
abundance of the 3He ESO SPY sdBs (where the sensitive He I
6678 A line has not been observed; see also Table 4).

The Gaussian noise was simulated using samples (p), drawn
from a parameterized normal distribution centered around zero
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—3.00 (solid red line) and log n(*He + 3He) = —2.10 (dotted red line).
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Fig. 11. T.s—log(g) diagram of the program stars as in Fig. 3. *He
stars from our sample showing no evidence for helium stratification
are marked in blue, and the stratified *He ones are marked in red. The
zero-age (ZAHB) and terminal-age horizontal branch (TAHB) as well
as evolutionary tracks for different stellar masses but solar metallicity
according to Dorman et al. (1993) are also shown with dashed and dot-
ted lines, respectively.

(mean value u = 0) and with a standard deviation of one (o~ = 1).
The fluxes of the individual mock spectra, Fock, then were cal-
culated from model fluxes, Fiode1, according to the following
formula:

Fiock = (ﬁ) * Frnodel + Finodel- (D

Here, S/N is the individual signal-to-noise ratio. We chose differ-
ent values for S/N: 1) the original S/N of the individual observed
spectra; 2) S/N=100; 3) S/N=200; and 4) S/N=300. We
simultaneously fitted effective temperature, surface gravity, and
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both isotopic helium abundances, making use of the same anal-
ysis technique as presented in Sect. 3.3.

5.5.1. Detectability and error estimation

The results of the sensitivity study for the three models together
with those of the abundance analysis are shown in Table 6. In the
following, we highlight three important results.

First, we are able to reproduce the results of the previous
abundance analysis. This confirms that the abundances given in
Table 4 are reliable detections of the small traces of “He. Val-
ues and uncertainties for log n(*He) and log n(*He) derived from
mock spectra are overall in good agreement with the observed
ones if the same S/N and the same number of investigated helium
lines are used. Increasing the S/N ratio, however, results in a sig-
nificant improvement of accuracy.

Second, if the strong and sensitive He 16678 Alineis ignored,
we are not able to reproduce the observed *He abundances for EC
032636403 and BD+48° 2721. In particular, this results in large
statistical uncertainties on log n(*He), even for better S/N. Hence,
it is not possible to determine log n(*He) of the “He-deficient sdB
star EC 03263-6403 without He 16678 A.

Last, we also derived similar isotopic helium abundances and
statistical uncertainties from mock spectra as from the previous
abundance analysis in the case of HE 1047-0436, that is, for
the most “*He-deficient but *He-enriched sdB star from the ESO
SPY project (see Table 4). We simulated the case of the ana-
lyzed UVES spectra in which He1 6678 A as the most impor-
tant signature for “He/>He was also not available for investiga-
tion. This result substantiates the discovery of HE 1047-0436 as
a 3He-enriched sdB. Adding observations of Hel 6678 A (and
He1 10830 A, see Sect. 5.5.2) would still significantly improve
the accuracy of the analysis and might reveal other unclassified
3He sdBs in the ESO SPY sample at lower “He/*He ratios.

In addition, it is worthWI}ile to deduce a detection limit
for *He. Although HeT 6678 A is not observed for HE 1047—
0436 and the S/N is mediocre, Fig. 7 demonstrates that the 3He
anomaly is detectable at a “He/*He abundance ratio as high as
~0.91 even for such poor data. In consequence, we conclude that
all other cases where the abundance ratio is lower than ~0.91
are indeed reliable detections of *He, even if the *He abundance
is as low as 10gn(3He) ~ =3.10, as in the case of EC 14338—
1445. Hence, the latter is a reliable upper limit for the detec-
tion limit for *He. HE 0929-0424 has an even higher abundance
ratio (*He/*He ~ 2.51) than HE 1047-0436, but at the same
time shows significantly more helium (see Table 4). Thus, the
discovery of HE 0929-0424 as a *He-enriched sdB is reliable as
well.

5.5.2. Infrared He1 10830 A line

He1 10830 A in the near-infrared is known to show the largest
isotopic line shift of ~1.32 A, that is, more than twice as large as
for He1 6678 A (~0.50 A). Thus, the He1 10830 A line should
improve the detectability of *He and in turn the sensitivity to
*He/*He significantly. As Hel 5875A and Hel 6678 A, this
line is strongly affected by departures from LTE. However, the
helium model atom used here in combination with the hybrid
LTE/NLTE approach have been shown to be appropriate to
match the observed line profiles in early B-type MS stars well
(Przybilla 2005). Hence, we included He1 10 830 A into the sen-
sitivity study for BD+48° 2721 (see Table 7) in order to test its
influence on the derived “He/>He abundance ratio.

Table 6. Results of the sensitivity study.

Mock spectrum  S/N log n(*He) log n(*He) ;’E::Z;
Model I+ 23 -4.72+03) -2.87+001 0.017392
Model I+ 100 —4.74*02 —2.85*091  0.01 + 0.01
Model I+ 200 -4.75*0% -2.84 £ 0.01  0.01 = 0.01
Model I+ 300 -4.75+018 -2.85 £ 0.02 001  0.01

EC 03263-6403 23 —4.7570% —2.85+003 0.01 + 0.01
Model I1+ 84 -3.4070% -2.55709 0.147097
Model I+ 100 -3.40+503 -2.56 + 0.06  0.14 + 0.06
Model T+ 200 -3.38 £0.02 -257 £0.02 0.15 + 0.06
Model I+ 300 -335+002 -257+001 0.17 = 0.06

BD+48° 2721° 84 —3.3470% -2.5770% 0.17+008
Model III- 25 277 +004 -270+0.03 0.86 = 0.30

HE 1047-0436" 25 276+ 004 -272+003 091 = 0.32

Notes. 1o statistical single parameter errors on logn(*He) and
logn(®*He) are given. The systematic uncertainties are +0.10 in all
cases. The given uncertainties on n(*He)/n(*He) result from statis-
tical and systematic errors, for which Gaussian error propagation
was used. From Table 4: Model I+ (T =29 000K, log(g) = 5.21,
log n(*He) = —4.75, log n(*He) = —2.85, He 1 6678 A included), Model
I+ (20700K, 4.81, —3.34, —2.57, HeI 6678 A included), and Model
II- (29 800K, 5.65, —2.76, —2.72, He 1 6678 A excluded). © Observed
spectrum.

Table 7. Influence of He 10 830 A on the sensitivity study for BD+48°
2721.

Mock spectrum S /N log n(*He) log n(*He) :Ejﬁ:i
Model Il++ 84 —335%0%5 2564005 0.16 + 0.06
Model I+ 100 334000 2584002 017 = 006
Model IT++ 200 -3.34 + 0.02 -2.57 + 0.01 0.17 + 0.06
Model II++ 300 -3.34 £ 0.01 -2.57 = 0.01 0.17 = 0.06

BD+48° 2721° 84 334700 25700 0.17°08

Notes. Given uncertainties are the same as in Table 6. From Table 4:
Model II++ (Tt =20700K, log(g) = 4.81, logn(*He) = -3.34,
logn(*He) = -2.57, Hel 6678 A and Her 10830A included).
@ Observed spectrum.

He 110830 A indeed particularly leads to a better accuracy in
determining both isotopic abundances for a given S/N (compare
the results in Table 7 to those in Table 6). Both isotopic abun-
dances are already well determined if He 16678 A as well as He 1
10 830 A are available and the S/N ratio is of the order of ~85. An
even higher S/N decreases the derived statistical uncertainties on
both isotopic abundances if He1 10 830 A is included.

6. Conclusion and outlook

We carried out a quantitative spectral analysis of 13 sublumi-
nous B stars that show the *He anomaly (three BHBs, eight
known sdBs, and two newly discovered sdBs from the ESO
Supernova Ia Progenitor Survey), as well as of two prototypi-
cal He-normal sdBs for reference, making use of high-quality
optical spectra and a grid of synthetic spectra calculated in a
hybrid LTE/NLTE approach based on modified versions of the
model atmosphere code ATLAS12 and the NLTE line formation
and synthesis codes DETAIL and SURFACE. Well-tested model
atoms were supplemented by a *He model atom from Maza et al.
(2014a).

We redetermined effective temperatures, surface gravities,
and helium abundances of nine stars previously analyzed from
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the same spectra but using LTE model atmospheres, different
metal contents, and a different minimization procedure to deter-
mine the best fit. In general, the results were found to be consis-
tent for all but one program star (BD+48° 2721), indicating that
systematic effects by the cumulative impact of departures from
LTE, different metal contents, and the different analysis strate-
gies are small. However, BD+48° 2721 is much cooler than pre-
viously deduced, and was therefore reclassified as a BHB star.

Isotopic abundance ratios, 4He/3He, were determined from
the helium line spectra. Both He 1 6678 A and He15875 A play
a crucial role because they show the largest and smallest iso-
topic line shift, respectively. However, these lines are known
to be strengthened by departures from LTE, in particular He 1
6678 A, which requires an appropriately detailed atomic model
and sophisticated line broadening tables. We verified our syn-
thetic spectra against the benchmark sdB stars HD 4539 and CD-
35°15910.

As expected, “He is almost absent (*He/*He < 0.25) in
most of the known 3He sdB stars from Geier et al. (2013a).
We identified the 3He anomaly in the stellar atmospheres of
HE 0929-0424 and HE 1047-0436, resulting in “He/*He ~
2.51 and “He/*He ~ 0.91, respectively. This substantiates the
helium abundance results for the known *He stars. The inter-
esting question arises whether there is a continuum of *He-
enriched sdBs/BHBs at higher abundance ratios (*He/*He ~
1.0-3.0), which could be answered from a homogenous sam-
ple with excellent data. Such a sample may be the one of Geier
et al. (2013a), who examined 44 bright sdB stars that have been
observed at high spectral resolution and good S/N, covering He I
6678 A (e.g., with FEROS) with a sharp eye on the isotopic
anomaly. The sample is somewhat biased, however, because the
previously known 3He sdBs were included a priori. All new
*He sdBs found by Geier et al. (2013a) have very low “He
abundances (log n(*He) < —3.30), except for EC 12234-2607. A
larger unbiased sample is needed in order to draw sound conclu-
sions on a potential continuum.

Anomalous helium line profiles (broad wings, shallow cores)
were found in all three BHB (PHL 25, PHL 382, and BD+48°
2721) and in three of the 3He sdB stars (EC 03591-3232,
EC 12234-2607, and SB 290). This phenomenon can be
explained by vertical stratification of the atmospheres. We esti-
mate that the helium abundance increases from the outer atmo-
spheric layers, where the cores of strong helium lines form, to
the deeper ones, where the line wings form, by factors ranging
from about 1.4 in the case of the sdB SB 290 to a factor of 8.0
in the case of the BHB star BD+48° 2721. Such a layered distri-
bution of helium has been found previously in late B-type stars
of peculiar chemical composition as well as in other BHB stars,
but this is the first time that helium stratification is reported for
sdB stars. A particularly interesting case is SB 290, because it is
the only rapidly rotating sdB in the sample. Geier et al. (2013b)
derived vsini = 48.0 + 2.0kms~! from metal, but vsini =
58.0 + 1.0kms~! from helium lines. We confirmed this discrep-
ancy and traced it back to the anomalous helium line profiles. The
projected rotational velocity of vsini = 58.0 + 1.0km s~! derived
from helium lines by Geier et al. (2013b) is therefore overesti-
mated because of vertical helium abundance stratification.

The simplest way to carry out a quantitative spectral anal-
ysis of the stratification profile is to make use of a smoothed
step function (see, Farthmann et al. 1994), which sets the helium
abundance in the outer atmospheric layers to a lower level
than farther in. In this way, the optical depth at which the
change in helium abundance occurs can also be identified. As an
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example, stratification analyses have been carried out success-
fully for carbon and nitrogen in the post-HB star HD 76431 by
Khalack et al. (2014) and for nitrogen, sulfur, titanium, and in
particular for iron, in BHB stars by Khalack et al. (2007, 2008,
2010) and LeBlanc et al. (2010). The strategy to derive the strat-
ified helium abundance profile throughout the photosphere with
the hybrid LTE/NLTE approach was reported in Maza et al.
(2014a), who tested it successfully on x Cancri.

The 3He anomaly for MS stars is restricted to a narrow tem-
perature strip of 14000 K < 7.4 <21 000K (Sargent & Jugaku
1961; Hartoog & Cowley 1979). The same is true for sdB stars,
but at hotter temperatures (26 000 K < Tt < 30000 K). Other-
wise, no correlation can be found. The anomaly occurs for sin-
gle as well as for close binary sdBs (PG 1519+640, Feige 36,
PG 0133+114, HE 0929-0424, and HE 1047-0436). We also
found evidence that it occurs for objects that have evolved off
the canonical horizontal branch, as in the case of EC 03263—
6403 and PHL 382.

The 3He isotopic anomaly was previously considered to be
a rare phenomenon. Although many sdB stars have been ana-
lyzed by means of high-resolution spectra, observations of the
crucial He1 6678 A line are lacking in many cases, in particu-
lar for the largest homogeneous sdB sample from the ESO SPY
project (Lisker et al. 2005). The fraction of *He stars among sdBs
could be best constrained from high-resolution spectroscopy of

the He 1 6678 A line. However, even more promising for investi-
gating the isotopic anomaly would be observations of the near-

infrared helium line, He1 10 830 A, which now becomes possible
with modern spectrographs.
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Fig. A.1. Same as Fig. 5, but for the FEROS spectrum of the *He star PHL 382. The star shows strong helium stratification, as is obvious from the
mismatch of the cores of many HeT lines (see Sect. 5.4 for details).
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Fig. A.2. Same as Fig. 5, but for the FEROS spectrum of the 3He star EC 03591-3232. The star shows helium stratification, as is obvious from the
mismatch of the cores of several strong HeI lines (see Sect. 5.4 for details).
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Fig. A.3. Same as Fig. 5, but for the FEROS spectrum of the 3He star SB 290. The star rotates, but also shows significant mismatches in the
strongest He I lines, which points toward vertical helium stratification (see Sect. 5.4 for details).
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Appendix B: Target sample and data

Table B.1. Target sample and data of the subluminous B-type program stars.

Object Instrument No. spec. Resolution S/N P References
[d]
HD 4539 FEROS 3 48 000 71 - [1]
CD-35° 15910 FEROS 2 48 000 56 - [2]
PHL 25 HRS 2 60000 40 - [1]
PHL 382 FEROS 7 48 000 88 - [1]
BD+48° 2721 FOCES 1 40000 84 - [2,3]
SB 290¢ FEROS 2 48 000 68 - [1,4]
EC 03263-6403 FEROS 2 48 000 23 - [2]
EC 03591-3232 FEROS 2 48 000 65 - [2]
EC 12234-2607 FEROS 4 48 000 28 - [2]
EC 14338-1445 FEROS 3 48 000 38 - [2]
Feige 38 FEROS 5 48 000 69 - [2]
PG 1710+490 FOCES 1 40000 27 - [2]
Feige 36° HIRES 1 36000 116  0.35386 + 0.00014  [5,6,7,8]
PG 1519+640° ¢ - - - - 0.539 + 0.003 [2,9,10,11]
PG 0133+114b¢ - - 1.23787 + 0.00003  [3,12,13]

HE 092904247 UVES
HE 1047-0436° UVES
HE 2156-3927¢ UVES
HE 2322-0617¢ UVES

18500 22 0.4400 + 0.0002 [14,16,17]
18500 25  1.21325 + 0.00001 [15,16,17]
18500 29 - [16,17]
18500 26 — [16,17]

D W A

Notes.  Rotating star. » RV-variable star. © Available FOCES spectrum not suitable for an analysis. A cool companion shows MgT in the
spectrum, and additional features (see Sect. 5.3 for details).

References. (1) Heber (1987); (2) Geier et al. (2013a); (3) Edelmann et al. (2001); (4) Geier et al. (2013b); (5) Saffer et al. (1998); (6) Moran et al.
(1999); (7) Edelmann et al. (1997); (8) Edelmann et al. (1999); (9) Morales-Rueda et al. (2003a); (10) Edelmann et al. (2004); (11) Copperwheat
etal. (2011); (12) Morales-Rueda et al. (2003b); (13) Edelmann et al. (2005); (14) Karl et al. (2006); (15) Napiwotzki et al. (2001);

(16) Lisker et al. (2005); (17) This work.
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