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The masses of compact objects like white dwarfs, neutran atad black holes are fundamental
to astrophysics, but very difficult to measure. We presentélkults of an analysis of subluminous
B (sdB) stars in close binary systems with unseen compagbanions to derive their masses and
clarify their nature. Radial velocity curves were obtairfienmn time resolved spectroscopy. The
atmospheric parameters were determined in a quantitageetsl analysis. With high resolution
spectra we were able to measure the projected rotatioratityebf the stars with high accuracy.
The assumption of orbital synchronization made it possibleonstrain inclination angle and
companion mass of the binaries. Five invisible compani@ve imasses that are compatible with
white dwarfs or late type main sequence stars. But four s@Bs kiery massive companions like
heavy white dwarfs, neutron stars or even black holes. Sumgtafraction of massive compact
companions can not be explained with current models of pie@olution.
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1. Introduction

The mass of a star is it's most fundamental parameter. Hawavdirect measurement is
possible in some binary stars only. Eclipsing, double liggstems are first choice. White dwarfs,
neutron stars and stellar black holes are the aftermathetééisevolution. In binaries such faint,
compact objects are outshined by their bright companiodglarefore their orbital motion cannot
be measured. As a consequence only lower limits to the coimpamass can be derived. With the
analysis method shown here, these limitations can parttyvbecome.

Subluminous B stars, which are also known as hot sudward ¢saBs), show the same spectral
characteristics as main sequence stars of spectral typatByré& much less luminous. They are
considered to be helium core burning stars with very thinrbgen envelopes and masses around
0.5M,. The formation of these objects is still puzzling. Differdormation channels have been
discussed. As it turned out, a large fraction of the sdB stessmembers of short period binaries
(Maxted et. al 2001 [10], Napiwotzki et al. 2004 [14]). Foe#le systems common envelope
ejection is the most probable formation channel (Han et@222003 [6,7]). In this scenario two
main sequence stars of different masses evolve in a binatgray The heavier one will first reach
the red giant phase and fill its Roche lobe. If the mass tramsfthe companion is dynamically
unstable, a common envelope is formed. Due to friction thedtellar cores loose orbital energy,
which is deposited within the envelope and leads to a sheéthe binary period. Eventually the
common envelope is ejected and a close binary system is fhrwigich contains a helium core
burning sdB and a main sequence companion. If this star esatte red giant branch, another
common envelope phase is possible and can lead to a closg hiith a white dwarf companion
and an sdB. All known companions of sdBs in such systems ar wvarfs or late type main
sequence stars. If massive stars are involved, the primayyavolve into a neutron star (NS) or a
black hole (BH) rather than a white dwarf. Since massivessdag very rare, only few sdB+NS or
sdB+BH systems are expected to be found.
Since the spectra of the program stars are single-lineg réveal no information about the orbital
motion of the sdBs’ companions, and thus only their masstioing can be calculated.

fo— I\/I(::%ompsmai _ PK3. (1.1)
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Although the RV semi-amplitud& and the period® are determined by the RV curvi¥lggg,

Mcomp @nd sin remain free parameters. Binary population synthesis nsod¢an et al. 2002,
2003 [6,7]) indicate a possible mass rangevfis=0.30-0.48 M, for sdBs in binaries, which
underwent the common envelope ejection channel. The masgdiion shows a sharp peak at
about 046M,.
For close binary systems, the components’ stellar rotatigalocities are considered to be tidally
locked to their orbital motions (Zahn 1977 [17], Tassoul &3aul 1992 [16]), which means that
the orbital period of the system equals the rotational jgeoictthe companions. If the companions
are synchronized in this way the rotational veloaify can be calculated.

2nR
Vrot — PSdB . (12)

The stellar radiufR is given by the mass radius relation.
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Figure 1. Sample model fit for an sdB star (HE 0532503) based on 47 UVES
spectra (right panel). Sample best fit RV curve and powertspeador the visible
sdB star in the HE 05324503 system (left panel). Upper left panel: Measured
radial velocities as a function of orbital phase and fittate sturve. Lower left
panel: Power spectrum.

R=,/ MSSBG (1.3)

The measurement of the projected rotational velocitigssini therefore allows to constrain
the systems’ inclination anglésWith Mgyg as free parameter the mass function can be solved and
the inclination angle as well as the companion mass can liedeBecause of sin< 1 a lower
limit for the sdB mass is given by

2 2
VP70
M > rotsini
SB=TUmRG
To constrain the system parameters in this way it is necgdeameasureK, P, logg and

Vrot SiNi with high accuracy.

(1.4)

2. Observations and Radial Velocity Curves

Ten stars were observed at least twice with the high resolwgpectrograph UVES at the
ESO VLT. Additional observations were made at the ESO NTTifgued with EMMI), the Calar
Alto Observatory 3.5 m telescope (TWIN) and the 4 m WHT (IS48).a Palma (Napiwotzki et al.
2003 [11]). Two of the stars (PG 123236, TONS 183) were observed with the high resolution
FEROS instrument at the 2.2 m ESO telescope at La Silla (Edeiret al. 2005 [5]). The data was
reduced with different software packages specially dgagldor every instrument.

Radial velocities of the individual observations were deieed by calculating the shifts of the
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Figure 2. Projected rotational velocity as a function of wavelengththe sam-
ple stars HE 05324503 (left panel) and PG 123236 (right panel). The filled
squares are measurements of single metal lines. The mesnisglotted as black
horizontal line. The small boxes show a sample fit, where ¢ébdine marks the
best solution and the narrow black lines fixed rotationabtdemings of 05 and
10kms?

measured wavelengths relative to their laboratory valWés focussed on all available Hdines,
and on the observeddline profile because of its sharp and well-defined non-LTE tore. We
performed a simultaneous fit of a set of mathematical funstto the observed line profiles using
the ESO MIDAS package. A linear function was used to repredie overall spectral trend,
and a Gaussian for the innermost line core. In order to fit teptbfile we used an additional
Lorentzian to model the broad line wings. The central wavgtle of the Lorentzian was fixed
to that of the Gaussian for physical reasons. The perioctlsesas carried out by means of a
periodogram based on the 'Singular Value Decompositiorthoe For a large range of periods the
best fitting sine-shaped RV curve was computed (see Nagiwetal. 2001 [12]). The difference
between the observed radial velocities and the best fittiagretical RV curve for each phase set
was evaluated in terms of the logarithm of the sum of the sglisgsiduals X2) as a function of
period. This method finally results in the data-set’s povpeictrum which allows to determine the
most probable period of variability (see Lorenz et al. 1998. [

From the best fit RV curve corresponding to the most probadie@, the ephemeris, the system’s
velocity and the semi-amplitude were derived. As an exanipig. 1 (left panel) displays the
resulting power spectrum and best-fit sine curve for HE 6583. The orbital parameters of
TONS 183 and PG 1232136 were taken from Edelmann et al. (2005) [5]. An orbitausoh for
HE 1047-0436 was published by Napiwotzki et al. (2001) [12]. The w@dperiods P) and the
radial velocity semi-amplitude{ are given in Tab. 1.
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3. Quantitative Spectral Analysis

Prior to quantitative spectral analysis the spectra wereected for the measured RV and
coadded in order to increase the S/N ratio. Effective teatpees Te), surface gravities (log)
and helium abundances (Ipge/ny]) were determined by fitting simultaneously each observed
hydrogen and helium line with a grid of metal-line blanket&tE model spectra. The procedure
used is described in detail in Napiwotzki et al. (1999) [183l d.isker et al. (2005) [8]. Because
of its sensitivity to non-LTE effects, theddline was excluded from this analysis. The atmospheric
parameters of TONS 183 and PG 123236 were taken from Edelmann et al. (2005) [5]. Results
are displayed in Tab. 1, and a sample fit is shown in Fig. 1 {ipginel).

4. Projected Rotational Velocity

In order to deriveviq Sini, we compared the observed spectra with rotationally broedle
synthetic line profiles. The latter ones were computed ferdiellar parameters given in Tab. 1
using the LINFOR program.

Since sharp metal lines are much more sensitive to rotdtimadening than Balmer or he-
lium lines, all visible metal lines were included. A simuleous fit of elemental abundance and
projected rotational velocity was performed separatefyefery identified line using the FITSB2
routine (Napiwotzki et al. 2004b [15]). Mean value and stdddeviation were calculated
from all measurements (see Fig. 2). Numerical simulatioasevearried out to identify potential
sources of errors, the sensitivity limit and accuracy ofriethod. As the lower limit we derived
ViotSini > 5kms L.

All other possible sources of systematic errors turnedmbiétnegligible compared to the statistical
variations. No significant microturbulence could be meaguwhich is consistent with the analysis
of Edelmann (2003) [4]. Unconsidered effects would in argeceause an extra broadening of the
lines. This fact is important for the interpretation of tlesults and will be discussed in detail later.

5. Nature of the unseen Companions

To constrain the companion masses and inclination angleslofted the mass range for sdBs
from Han et al. (2002) [6]. There are no spectral signatufe®mpanions visible. Main sequence
stars with masses higher thadBM,, could therefore be excluded because of their high luminosi-
ties in comparison to the sdB stars. The possible companesses can be seen in Tab. 2. Four
of the analysed systems have companion masses, which apatibla with either white dwarfs
(WD) or late main sequence stars (late MS). The companion@ORM07—-0342 is a white dwarf.
The very similar binaries HE 09290424 and TONS 183 have a wide companion mass range. For
very low mass sdBs the companion could be a heavy white dBatftaking into account, that the
theoretical sdB mass distribution has a sharp peald&M-.,, which makes this the most probable
sdB mass, the companion masses exceed the ChandrasekiharTlirre are only two kinds of
objects known with such high masses and such low lumingsitigeutron stars (NS) and stellar
black holes (BH). The two systems HE 0532503 and PG 1232136 have even higher compan-
ion masses, which exceed the Chandrasekhar limit in any case
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HE0532-4503 PG1232-136 (Eccentric, Edelmann et al. 2005)
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Figure 3. Companion mass as a function of primary (sdB) mass of theibma
HE 0532-4503 (left panel) and PG 123236 (right panel). The red horizontal
line marks the Chandrasekhar limit. The red dotted vertioas mark the the-

oretical sdB mass range for the common envelope ejectionnehgHan et al.

2002 [6]). The dotted blue line in the left panel marks thenany mass in case of
post-RGB evolution (Driebe et al. 1998 [3]).

The three binaries HE 1448510, HE 2150-0238 and WD 0048202 could not be solved with
the described method. The minimum sdB masses exceedéti,Jand were not consistent with
the theoretical mass range.

Binaries hosting a neutron star or a black hole are a veryofgjeet class. From about 50 analysed
sdB binaries in our samples, we found four candidate systéinis fraction of 8 % is much too
high to be compatible with any binary evolution model knowrfar (Podsiadlowski priv. comm.).
For this reason the results themselves have to be discugaed a

Our method rests on the assumption of orbital synchrowizatirhe question, which mechanism
is most responsible for this effect, is not yet settled. Tagcal timescales for synchronization are
given by Zahn (e.g. 1977) [17] and Tassoul & Tassoul (1998), [ut unfortunately they are not
consistent in any case. Many eclipsing binaries in closésovere observed to be synchronized
(e.g. Claret et al. 1996, 1997 [1,2]).

The approximation formulas for the synchronization tim&ahn (1977) [17] and Tassoul & Tas-
soul (1992) [16] for stars with radiative envelopes and eative cores were used to compare them
with the lifetime on the Extreme Horizontal Branch (EHB)g ~ 10®yr (Fig. 4 right panel). The
red diamonds denote the three systems, which could not lkedsobnsistently. These three bi-
naries have the longest orbital periods and synchronizaines near or above the EHB lifetime.
But as long as the question of tidal synchronization is ntitezk all timescales have to be taken
with caution. Detailed calculations, which take the ingrstructure of sdBs into account, are not
available and urgently needed.
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Figure 4. Synchronization time over orbital period of the 12 analybéthries.
The filled diamonds mark synchronization caused by meraicarrents in ra-
diative envelopes (Tassoul % Tassoul 1992) [16], the blards ®ynchronization
through tidal friction of the equilibrium tide for stars \witadiative envelope and
convective core (Zahn 1977) [17]. The horizontal line mates lifetime on the
Extreme Horizontal Branch (EHB). The dotted vertical lirendtes the limiting
orbital period for tidal synchronization derived from ounadysis.

From these considerations we draw the conclusion, thatsthanaption of tidally locked rotation is
reasonable in case of close sdB binaries for orbital petiadter than 13d.

Finally the reliability of our method has to be discussedirag@nly the high precision of the
Vit SiNi measurements made it possible to constrain the parametesmably. The projected ro-
tational velocities were low and very close to the deteclimit. As described above we tried to
qguantify all possible systematic effects and the overalits were very consistent. Only slight
changes ivyo; Sini would lead to inconsistent solutions, because the metheshjssensible to this
parameter. But even if there would be unaccounted systemifdicts (e.g. short period pulsations),
they would always cause an extra broadening of the lines. mémsured broadening is then due
to rotation and the unaccounted effects, which means theumea rotational broadening is higher
than the real one. All systematic effects lead to lowgysini. But the unexpectedly high masses
of the companions are caused by the unexpectedly low mehptogected rotational velocities as
can be seen from the equations in the introduction. Unadedwsystematic effects would therefore
lead to even higher companion masses.
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System Test logg P K Vot SINI

[K] [d] [kms 1] [kms™]

HE 0532-4503 | 25390 5.32 0.26568-0.00010 101.5-0.2 11.14+0.6
PG1232-136 27500 5.62 0.36308- 0.00030 129.6-0.04 6.2+-0.8
WD 01073421 | 24300 5.32 0.3800€: 0.00050 135.6:1.0 20.4+0.9
HE 0929-0424 | 29470 5.71 0.44008:- 0.00020 114.3:14 7.1+1.0
HE 0230-4323 | 31100 5.60 0.44308- 0.00050 64.%*15 12.7+0.7
TONS 183 26100 5.20 0.82778-0.00020 84.8-1.0 6.7+ 0.7
HE 2135-3749 | 30000 5.84 0.92408- 0.00030 90.5-0.6 6.9+ 0.5
HE 1421-1206 | 29570 5.55 1.18808-0.00100 55.5-2.0 6.7 1.1
HE 1047-0436 | 30242 5.66 1.21325 0.00001 94.0+ 3.0 6.2+ 0.6
HE 2150-0238 | 30200 5.83 1.32098- 0.00500 96.3:1.4 8.3+:1.3
HE 1448-0510 | 34690 5.59 7.15888-0.01300 53. A 1.1 6.7 25
WD 0048-202 | 29960 5.50 7.4436@- 0.01500 47.9-0.4 7.2+1.3

Tablel. Stellar parameters: Effective temperatures, surfacetgrsyvorbital peri-
ods, radial velocity semi-amplitudes and projected roteti velocities of the vis-
ible components. Typical error margins f&f and logg are 500 K and 0.05 dex
respectively.

T Orbital parameters of this system are still preliminary

System i Vrot Mcomp Companion
[deg] [kms] [Ma]

HE 0532-4503 | 13— 17 47 1.40- 3.60 NS/BH
PG1232-136 14 - 19 25 2.00- 7.00 NS/BH
WD 0107342t | 17— 22 33 0.45- 0.95 WD

HE 0929-0424 | 23— 29 18 0.60- 2.40 WD/NS/BH
HE 0230-4323 | 38— 50 21 0.18- 0.35 WD/late MS
TONS 183 22— 29 18 0.60- 2.40 WD/NS/BH
HE 2135-3749 | 66 — 90 8 0.35—- 0.45 WD/late MS
HE 1421-1206 | 56 — 90 8 0.15- 0.30 WD/late MS
HE 1047-0436 | 62— 90 7 0.35—- 0.60 WD/late MS

HE 2150-0238 - - - not solved
HE 1448-0510 - - - not solved
WD 0048-202 - - - not solved

Table 2. Inclination angles, rotational velocities, companion sggsand possible
nature of the unseen companions.
T Derived parameters of this system are still preliminary
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6. Conclusion

Out of 12 analysed sdB binaries, five have companion massepatible with white dwarfs
or late type main sequence stars. These systems are infiediragnt with binary evolution simula-
tions. Four binaries have surprisingly high companion mssahich leads to the conclusion, that
the companions have to be very heavy white dwarfs or evemarestars or black holes. This high
fraction cannot be explained with current evolutionarcuakdtion. More observations of close sdB
binaries and candidate systems with high and low resold@ttrographs are needed to enhance
the size of our samples.

The presence of such a high fraction of heavy binaries in aonpdes opens several questions. Is
the formation and evolution of sdB stars somewhat linkechtd bf heavy compact objects like
neutron stars or black holes? Can sdB stars be used as traieis more of these exotic objects?
Is there a hidden population of these objects, which is reibld through strong X-ray emission?
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