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ABSTRACT

The project Massive Unseen Companions to Hot Faint Undénloms Stars from SDSS (MUCHFUSS) aims at finding sdBs with
compact companions like supermassive white dwavfs>( 1.0 M), neutron stars or black holes. The existence of such sgsiem
predicted by binary evolution theory and recent discogdridicate that they are likely to exist in our Galaxy.

A determination of the orbital parameters idfmient to put a lower limit on the companion mass by calcutatime binary mass
function. If this lower limit exceeds the Chandrasekhar srasd no sign of a companion is visible in the spectra, theends of

a massive compact companion is proven without the need foadditional assumptions. We identified about 1100 hot saiofiw
stars from the SDSS by colour selection and visual inspeafdheir spectra. Stars with high velocities have beensenled and
individual SDSS spectra have been analysed. In total 12@lreelocity variable subdwarfs have been discovered. Bisawith
high RV shifts and binaries with moderate shifts within shtimespans have the highest probability of hosting massbrapact
companions. Atmospheric parameters of 69 hot subdwarfseiset binary systems have been determined by means of atgtieeti
spectral analysis. The atmospheric parameter distributidhe selected sample does ndfali from previously studied samples of
hot subdwarfs. The systems are considered the best cagslidetearch for massive compact companions by follow-ug tesolved
spectroscopy.
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1. Introduction to range from 39 % to 78 % (e.g. Maxted efal. 2001; Napiwotzki

, i ) et al.[2004a). Several studies were undertaken to detetimine
Subuminous B stars (sdBs) are core helium-burning stars Wjpita| parameters of subdwarf binaries (e.g. Edelmanri.et a
very thin hydrogen envelopes and masses arous@ (Heber 5505: Morales-Rueda et al. 2003a). The orbital periodseang
1986). A large fraction of the sdB stars are members of sfrt Byom 0.07 to> 10 d with a peak at§ - 1.0d.
riod binaries (Maxted et al. 2001; Napiwotzki et al. 2004d)er
the discovery of close binary subdwarfs, several studresdiat For close binary sdBs common envelope ejection is the most
determining the fraction of hot subdwarfs residing in sugss probable formation channel (Han etfal. 2002, 2003). In thés s
tems. Samples of hot subdwarfs have been checked for rasial yario two main sequence stars offdirent masses evolve in a
locity (RV) variations. The binary fraction has been detie¥ed  pinary system. The more massive one will reach the red giant
phase first and fill its Roche lobe near the tip of the red-giant
Send offprint requests to: S. Geier, branch. If the mass transfer to the companion is dynamicaly
e-mail:geier@sternwarte.uni-erlangen.de stable, a common envelope is formed. Due to friction the two

* Based on observations at the Paranal Observatory of thepamo stellar cores lose orbital energy, which is deposited withe en-

Southern Observatory for programme number 081.D-0819%®as velope and leads to a shortening of the binary period. Exadigtu
observations at the La Silla Observatory of the Europeanth&ou the common envelope is ejected and a close binary system is
Observatory for programme number 082.D-0649. Based onraibse formed, which contains a core helium-burning sdB and a main

tions collected at the Centro Astrondmico Hispano Alerf@AHA) at . A bi isi f )
Calar Alto, operated jointly by the Max-Planck Institut #fistronomie sequence companion. Inary consisting of a main sequence
and the Instituto de Astrofisica de Andalucia (CSIC). &hsn ob- Star and a white dwarf may evolve to a close binary sdB with a

servations with the William Herschel Telescope operatedhieylsaac White dwarf companion in a similar way. Only in very special
Newton Group at the Observatorio del Roque de los Muchachiteeo and hence rare cases tight constraints can be put on thesnatur
Instituto de Astrofisica de Canarias on the island of La PaBpain.  of the companions, that is if the systems are eclipsing owsho
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Due to the tidal influence of the companion in close binary

Bl I N L B systems, the rotation of the primBrgecomes synchronised to
s N e M,>0.45My | its orbital motion. In this case it is possible to constrhia inass
I O 77777777777777 M5 1.00 M | of the companion, if mass, projected rot_ational velocity aar-
2 ® face gravity of the sdB are known. Geier et al. (2008, 2010a,
300 I M>1.40 M | 2010b) analysed high resolution spectra of 41 sdB starsecl

binaries, half of all systems with known orbital parameténs

31 cases, the mass and nature of the unseen companions could
be constrained. While most of the derived companion masses
were consistent with either late main sequence stars orewhit
dwarfs, the compact companions of some sdBs may be either
massive white dwarfs, neutron stars (NS) or stellar masskbla
holes (BH). However, Geier et al. (2010b) also showed that th
assumption of orbital synchronisation in close sdB birsig@ot
always justified and that their sampldfaus from huge selection
effects.

The existence of sdBNS/BH systems is predicted by bi-
nary evolution theory (Podsiadlowski et al. 2002; Pfahl let a
2003). The formation channel includes two phases of urstabl
mass transfer and one supernova explosion. The predicted fr
tion of sdB+NS/BH systems ranges from about 1% to 2% of the
close sdB binaries (Geier et al. 2010b; Yungelson & Tutukov
2005; Nelemans 2010).

100

Fig. 1. The RV semiamplitudes of all known sdB binaries with

spectroscopic solutions plotted against their orbitaiquir (see o Project overview
Tabld/A1). Binaries which have initially been discovene@ho-

tometric surveys due to indicative features in their lightwves The work of Geier et al! (2010b) indicates that a populatibn o
(eclipses, reflectionfiects, ellipsoidal variations) are markechon-interacting binaries with massive compact companiosg
with open circles. Binaries discovered by detection of Rvara be present in our Galaxy. The candidate st/BH binaries
tion from time resolved spectroscopy are marked with filled dhave low orbital inclinations (15 30°, Geier et al. 2010b). High
amonds. The dashed, dotted and solid lines mark the regiongnclination systems must exist as well. A determinatiorhefaor-
the right where the minimum companion masses derived frdoital parameters allows one to put a lower limit to the conigan
the binary mass function (assumingt®M,, for the sdBs) ex- mass by calculating the binary mass function.
ceed M5 Mg, 1.00 M, and 140 M,. The two post-RGB objects

in the sample have been excluded, because their primaryesass M3, mpSirti PK3

are much lower. fo. = =
" (Mcomp+ Msag)? 271G

1)

The RV semi-amplitud& and the period® can be derived
from the RV curve; the sdB maddsys, the companion mass

of Ritter & Kolb[2009 and references therein). g/lcgmit’ﬁnd t_heo izglmat;?:j iarlggaoze{‘;?jgr{;geaﬁg\:\?er?ﬁﬁ{ts%ovrve
Subdwarf binaries with massive WD companions turned 0H$j PtMsag = 5 ©

, ; e companion mass. Depending on this minimum mass a quali-
to be candidates for SN |a progenitors l:_)ec_ause these_ SySteIiiSe classification of the companions’ nature is posdibleer-
lose angular momentum due to the emission of grawtatlorg

other indicative features in their light curves (see thalcafue

way nd start m transfer. The m transfer or th n cases. For minimum companion masses lower th&sid,
aves and start mass transfer. The mass transier, or the-SuBg,, 5y, sequence companion can not be excluded because its lu-
quent merger of the system, may cause the WD to approach

Chandrasekhar limit, ignite carbon under degenerate tondi 'ﬁosﬂy would be too low to be detectable in the spectraitis

: i t al.[2005). If the minimum companion mass exceeds M,
gr:]i %ﬁfg% :; ak nSOI?lN:]aC(;/xia?(;J;rt'\: Sl;ﬁéelrr:t;g? tﬁi;n:jtgggl\:ejdge%% Qd no spectral signatures of the companion are visibleygtm
erate merger scenario is the s binary KPD 19362752 a compact object. If it exceeds the Chandrasekhar mass and

: Al no sign of a companion s visible in the spectra, the exigeha
(Maxted et al.2000a; Geier et al. 2007). Mereghetti ef &1I0€2 g P .
showed that in the X-ray binary HD 49798 a massivel(2 M. ) massive compact companion is proven without the need for any

; e additional assumptions. This is possible, if such a binsuigeen
white dwarf accretes matter from a closely orbiting subdvar at high inclination. The project Massive Unseen Companions

companion. The predicted amount of accreted materialfts su Hot Faint Underlumin rs from SOAS@IUCHF
cient for the WD to reach the Chandrasekhar limit. This makto sogt ?ilndtir';)g gSBg witr?lf:sor?]t;?a?:t c%m[?anionsulﬁ(e sﬂ?esr)mas-

HD 49798 another candidate SN la progenitor, should the cog ;

panion be a @ white dwarf (Wang et al. 2009). SN Ia play agi\/e white dwarfs 1 > 1.0 M), neutron stars or black holes.
key role in the study of cosmic evolution. They are utilised a The more massive component of a binary is usually definedeas th
standard candles for determining the cosmological parsiet, imary. However, in most close sdB binaries with unseenpzoions
(e.g. Riess et al. 1998; Leibund@ut 2001; Perimutter 8©9819).  the masses are unknown and it is not possible to decide a piazh
Most recently Perets et al. (2010) showed that helium aictret component is the most massive one. For this reason we calldiide
onto a white dwarf may be responsible for a subclass of faidt asdB component of the binaries the primary throughout thiepa
calcium-rich SN Ib events. 2 Sloan Digital Sky Survey
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Fig. 2. Left panel. SDSSg-—r-colours plotted against— g of all stars. The grey dots mark all stellar objects with $fzeavailable in
the SDSS database. Most of them are classified as DA whitdsiWdre solid diamonds mark (He-)sdO stars, the solid sgusatB
and sdOB stars. Open squares mark hot subdwarfs with maireseg companions visible in the spectra. Most of these tshjee
white dwarfs of DA typeRight panel. Only subdwarfs wittg < 18 mag are plotted. The sequence of composite objects idyclea
separated from the single-lined stars. Synthetic colouns fCastelli & Kurucz[(2003) for stars with temperaturesgiag from

14 000K to 50000K (log = 5.0) are marked with upward triangles and connected. Theigtep&the colour grid is 1000 K. The
labels mark models of certain temperatures.

First results of our follow-up campaign are published ingBeit Table 1. Survey observations. The first column lists the date of

al. (2011). observation, while in the second the used telescope andiinst
There is an interesting spinfidrom this project: The same mentation is shown. In the third column the initials of the ob

selection criteria that we applied to find such binaries #se a servers are given.

well suited to single out hot subdwarf stars with constaghhi

radial velocities in the Galactic halo like extreme popiolat |

stars or even hypervelocity stars. To refer to this aspeataire  Date Telescope & Instrument  Observers
the term Hyper-MUCHFUSS for the extended project. First re- january-June 2008 CAHA-3.5WWIN Service
sults are presented in Tillich et &l. (2011). 200904/29-20080501  ING-WHT/ISIS P.M., S. G,
S. B.
200808/13-200808/17 CAHA-3.5mTWIN H. H.
3. Target selection 200910/15-20081019 ESO-NTJEFOSC2 AT
April-July 2008 ESO-VLTFORS1 Service

The high fraction of sdB stars in close binary systems was ini

tially discovered by the detection of RV shifts using time re

solved spectroscopy (Maxted et al. 2001). In the past decade

about 80 of these systems have been reobserved and thédd orbbverage is reached in the Northern hemisphere close to the

parameters determined. We summarize the orbital parasnaftergalactic poles. SDSS data is widely used and therefore adio w

all known sdB binaries and give references in Tablg A.1 (& aevaluated in terms of errors and accuracy (York ef_al. 2000;

Fig.[). Abazajian et al. 2009). The SDSS data are supplemented by ad-
As far as the companion masses of the known sdB binari@§onal spectroscopic observations of appropriate ¢y&lom

could be constrained, it turned out that most companionsldhoother sources.

be either late main sequence stars with masses lower than hal

a solar mass or compact objects like V\.’h'te. dwarts. Targets f?.l. Colour selection and visual classification

spectroscopic follow-up were selected irffdient ways depen-

dent on the specific aims of each project. Hot subdwarfs are found most easily by applying a colour cut
For the MUCHFUSS project the target selection is optimisdd Sloan photometry. All spectra of point sources with cosou

to find massive compact companions in close orbits around sdB- g < 0.4 andg — r < 0.1 were selected. This colour crite-

stars. In order to discover rare objects applying the selecti- rion corresponds to a limit in the Johnson photometric sysié

teria explained in the forthcoming sections, a huge inita@hset U — B < —0.57 (Jester et al._ 2005), similar to the cuf-cho-

is necessary. The enormous SDSS database (Data Releaserbby UV excess surveys, such as the Palomar Green survey

DR®6) is therefore the starting point for our survey. Best skiGreen et al. 1986). The correspondirffeetive temperature of
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Fig. 3. Flux calibrated SDSS spectra of a single-lined sdB, a he-

lium rich sdO and an sdB with main sequence companion Vigitg 4. Heliocentric radial velocities of 1002 subdwarfs plotted

ble in the spectrum. Note theftirent slopes of the sdB and theagainstg-magnitude. The two dashed lines mark the RV cut of
sdB+MS spectra. +100km s,

a BHB star is~ 15000K (Castelli & Kurucz 2003), well be- tral classification of hot subdwarf stars see the review blgee
low the observed range for sdB stars 20000 K). The limit of [2009).
g-r = +0.1 corresponds t® - V = +0.3 (Jester et al. 2005).  The sample contains 1100 hot subdwarfs in total. 725 be-
This ensures that sdBs in spectroscopic binaries are iadlifd long to the class of single-lined sdBs and sdOBs. Because dis
the dwarf companion is of spectral F or later, e.g. the-d€B tinguising between these two subtypes from the spectraapp
system PB8783 @B - V = +0.13 andU - B = -0.65 (Koen ance alone can befficult, we decided to treat them as one class.
et al.[1997). On the other hand the colour criteria exclu@e tih addition we found 89 sdBs with cool companions. 198 stars
huge number of QSOs (quasi stellar objects) which were tie pire identified as single-lined sdOs, most of them enrichéwin
ority objects of SDSS in the first place. We selected 48 26ftpojium. 9 sdOs have a main sequence companion. In 79 cases a
sources with spectra in this way. unique classification was not possible. Most of these sta's a
The spectra from SDSS are flux calibrated and cover teensidered as candidate sdBs of low temperature, whichotann
wavelength range from 3800 A to 9200 A with a resolution dfe clearly distinguished from blue horizontal branch (Bls&irs
R = 1800. Rebassa-Mansergas etlal. (2007) verified the waee{ow mass white dwarfs of DA or DB type.
length stability to be< 14.5km s* from repeat sub-spectra us-  Eisenstein et al! (2006) used a semi-automatic method for
ing SDSS observations of F-stars. We obtained the spectiarof the spectral classification of white dwarfs and hot subdsvarf
targets from the SDSS Data Archive Sefvand converted the from the SDSS DRA4. It is instructive to compare their sample
wavelength scale from vacuum to air. The spectra were &iledsi to ours. Our colour cutfbis more restrictive and the confusion
by visual inspection. limit (S/N > 5) is brighter than that of Eisenstein et al. (2006).
In a first step extragalactic objects, spectra with low dyaliDue to the redder colour cuts, blue horizontal branch stass e
(S/N < 5) and unknown features have been excluded by visuat the Eisenstein et al. sample, which we do not consideots h
inspection. In total we selected 10 811 spectra of 10 153 gtar subdwarf stars (see Heber 2009). Applying our colour cuts to
this way. Fig[2 (left panel) shows a two-colour plot of alt sethe hot subdwarf sample of Eisenstein et lal. (2006) yields 69
lected objects. Classification was done by visual inspeabio objects. The stars missing in our sample are mostly faihtan t
the spectra against reference spectra of hot subdwarfs litel wg = 19 mag as expected. Most recently, Kleinman (2010) ex-
dwarfs. Existence, width, and depth of helium and hydroden aended the classifications to the SDSS DR7 and found 1409 hot
sorption lines as well as the flux distribution between 4000 a subdwarf stars. Since no details are published, the sanaple c
6000 A were used as criteria. Subdwarf B stars show broadered be compared to ours yet. Considering our more resteictiv
hydrogen Balmer and Helines, sdOB stars He lines in ad- colour cuts and confusion limit, the numbers compare very we
dition, while the spectra of sdO stars are dominated by wewkth ours. This gives us confidence that our selection methiod
Balmer and strong He lines depending on the He abundancegfficient.
A flux excess in the red compared to the reference spectrum asln Fig.[2 (right panel) only the subdwarf stars brighter than
well as the presence of spectral features such as thetfipiet g = 18 mag are plotted. With less pollution by poor spectra,
at 5170 A or the Ca triplet at 8650 A were taken as indicationgWo sequences become clearly visible. The solid symbol&mar

of a late type companion (for a few examples seelig. 3, far-sp&ingle-lined sdBs and sdOs, while the open squares mark bi-
naries with late type companions of most likely K and G type

3 das.sdss.org visible in the spectra. The contribution of the cool compasi
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Fig. 5. Radial velocity distribution of the hot subdwarf stars (see ‘ 33 ;

Fig.[4). The bright sampleg(< 16.5 mag, black histogram) con- 3 A .
tains a mixture of stars from the disk and the halo population 0.8 - !

The faint sampled > 16.5mag, grey histogram) contains the r w

halo population. The peak in the bright subsample arounad zer 2320 2340 2360

RV is caused by the thin disk population. The asymmetry in the A

faint subsample where negative RVs are more numerous than

positive ones may be due to the presence of large structures i

the halo and the movement of the solar system relative to gy 6. H,-line of two consecutively taken individual SDSS spec-
halo. tra (At = 0.056 d) of the sdB binary J113840.6803531.7. The
shiftin RV (~ 140 km s?) between the two exposures is clearly

shifts the colour of the star to the red. As can be seen in gs\.”SIble'

the upper sequence also contains apparently single stace S
the spectra are not corrected for interstellar reddenimgesof the hydrogen Balmer lines as well as helium lines if present
these objects may show an excess in the red because of reddeimg the FITSB2 routine (Napiwotzki et al._2004a) and the
ing rather than due to a cool companion. Amongst the fainteSpectrum Plotting and Analysis Suite (SPAS) developed by H.
targets with noisy data, spectral features indicative ate-type Hirsch. Fig[4 shows the RVs of 1002 hot subdwarf stars.
companion may have been missed as well as small excesses i'Most of the known sdB binaries are bright objects &
the red. 10 - 14 mag) and the vast majority of them belongs to the

In Fig.[2 (right panel) we also compare the sample to syGalactic disk population (Altmann et dl._2004). Due to the
thetic colours suitable for hot subdwarf stars. We chosgjtite fact that these binary systems are close to the Sun theyerotat
of Castelli & Kurucz (2004} and selected models with higharound the Galactic centre with approximately the samecvelo
gravity (logg = 5.0). The models reproduce the lower envelopgy. That is why the system velocities of most sdB binarida-e
of the targets in the colour-colour-diagram very well féieetive tive to the Sun are low. One quarter of the known systems have
temperatures ranging from 20000 to 50 000K as expected for < 10kms?, 85% havely] < 50kms? (see Tablé_All).
hot subdwarf stars. Herent surface gravities, chemical comfurthermore the RV semiamplitudes of these binaries arest m
positions and interstellar reddening are not accountedoiatr cases lower than 100 km's(see Fig[l). In order to filter out
would explain the observed scatter of the stars. such normal thin-disk binaries we excluded sdBs with RVsow

It is interesting to note that there is an obvious lack of blugan+100 km s?.
horizontal branch (BHB) stars withffective temperatures be-  Typical hot subdwarf stars fainter than ~ 17 mag have
low 20 000 K compared to the sdBs with higher temperatureagistances exceeding 4 kpc and therefore likely belong to the
This gap is hardly caused by selectidfeets, because the BHB Galactic halo population. Most of the stars in our sample are
stars are brighter than the sdBs in the optical. We concluale tfainter than that (see Fi@] 4). The velocity distributiontie
the number density of BHB stars in the analysed temperaturalo is roughly consistent with a Gaussian of 120 kfndisper-
range must be much smaller than the one of sdBs. Newell (19%®&)n (Brown et al._2005). Fid]5 shows the velocity distribat
was the first to report the existence of such a gap in the twof our sample dependent on the brightness of the objects. The
colour diagram of field blue halo stars, which was subsedyenglistribution of the bright subsamplg < 16.5mag) is roughly
found to be also present in some globular clusters (Momanysitilar to the one of the faint subsamplg ¢ 16.5mag), the
al.[2004). The reason for this gap remains unclear (seeviewe |ater extending to more extreme velocities and being soraewh
by Catelan 2009). asymmetric. Selecting objects with heliocentric radidbegies
exceeding:100 km s we aim at finding halo stars with extreme
. . ; kinematics as well as close binaries with high RV amplitudes
3.2. High radial velocity sample (HRV) Another selection criterion is the brightness of the stars.
The radial velocities of all identified hot subdwarf stargtbo The accuracy of the RV measurements depends on /e
single- and double-lined were measured by fitting a set ohmathe spectra and the existence and strength of the specteal li
ematical functions (Gaussians, Lorentzians and polynisiria Furthermore, the classification becomes more and more -uncer
tain as soon as the/l$ drops below~ 10 and the probability
4 httpy/wwwuser.oat.ts.astro/dastellicolorgsloan.html of including DAs rises. Objects of uncertain type and RV (er-
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Fig. 7. Probability for an sdB binary to host a massive compa€ig.8. Same as Figl]7 except that the probability is plotted

companion and to be seen affsiently high inclination to un- against RV at random time.

ambiguously identify it from its binary mass function phedt

against the RV shift within random times (solid curves, HRV

sample) or on short timescales (dotted curve, RRV sample). yelocity variations on short time scales, 0.02 — 0.07d (see
Fig. [d for an example).

The individual SDSS spectra are perfectly suited to search
rors larger than 50 knt$) have therefore been excluded. Mostor close double degenerate binaries. Ongoing projects lik
of the excluded objects are fainter thg= 19 mag. Altogether SWARMS (Badenes et al. 2009; Mullally et al. 2009) focus on
the target sample consists of 258 stars. binaries with white dwarf primaries (see also Kilic et/al120

Second epoch medium resolution spectroscopy was obtaiféarsh et al. 2010) and use a similar method.
starting in 2008 using ESO-VI/FORS1 R ~ 180041 =
3730- 5200 A), WHT/ISIS (R =~ 40001 = 3440- 5270A),
CAHA-3.5nyTWIN (R =~ 400Q A = 3460- 5630 A) and ESO-
NTT/EFOSC2 R = 2200 A = 4450- 5110 A). The journal of Time resolved follow-up spectroscopy with a good phase cove
observations is given in Takle 1. Up to now we have reobservage is needed to determine the orbital solutions of the RV var
88 stars. We discovered 30 halo star candidates with constanible systems. In order to select the most promising targets f
high radial velocity (see Tillich et al. 201.1) as well as 46teyns  follow-up, we carried out numerical simulations and estena
with radial velocities that were most likely variable. the probability for a subdwarf binary with known RV shift to
host a massive compact companion. We created a mock sample
of sdBs with a close binary fraction of 50 %.

We adopted the distribution of orbital periods of all known
All SDSS spectra are co-added from at least three individugdB binaries (see Table A.1) approximated by two Gaussians
“sub-spectra” with typical exposure times of 15min. In mostentered at Jd (width Q3d) and 50d (width 30d) days
cases, the sub-spectra are taken consecutively; howesgr; oand assumed that 82% of the binaries belong to the short pe-
sionally they may be split over several nights. In addit&mme riod population. The short period Gaussian was truncated at
SDSS objects are observed more than once, either becausédf®ed, which is considered the minimum period for an sdB bi-
entire spectroscopic plate is re-observed, or becauseateey nary, because the subdwarf primary starts filling its Roche |
in the overlap area between adjacent spectroscopic plages.for shorter periods and typical companion masses. Since sta
a result, up to 30 sub-spectra are available for some objedtte Roche lobe overflow and the accretion onto the compan-
Hence, SDSS spectroscopy can be used to probe for radiatvelon would dramatically change the spectra of these starsame
ity variations, a method pioneered by Rebassa-Mansergas efafely presume that our sample does not contain such objects
(2007) to identify close white dwarf plus main-sequenceabin ~ The orbital inclination angles are assumed to be randomly
ries. We have obtained the sub-spectra for all sdBs bright¢er distributed, but for geometrical reasons binaries at higti-i
g = 185 mag from the SDSS Data Archive Server. The qualityations are more likely observed than binaries at low irelin
of the individual spectra is not fiicient for our analysis in the tions. To account for this, we used the method describeday Gr
case of even fainter stars. The object spectra were extrfiot®  (1992) and adopted a realistic distribution of inclinataorgles.
the FITS files for the blue and red spectrographs, and merged For the sdB mass the canonical value ofOM,, was cho-
into a single spectrum usiMyDAS. From the inspection of thesesen. The distribution of companion masses was based on-the re
data, we discovered 81 new candidate sdB binaries withlradsalts by Geier et al! (2010b). The distribution of the low mas

3.4. Selecting high mass companions

3.3. Rapid radial velocity variable sample (RRV)
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companions was approximated by a Gaussian centered lsit.0

(width 0.3 Mg). The fraction of massive compact companions is ;
estimated to 2 % of the close binary population based on yinar I j .
population synthesis models (Geier ef al. 2010b). The miass d I 5
tribution of these companions was approximated by a Gaussia
centered at ® Mg, (width 1.0 M,). L 3 ]

For the system velocities a Gaussian distribution with a dis 5, L ; . -
persion of 120 km typical for halo stars was adopted (Brown f
et al.[2005). Two RVs were taken from the model RV curves at
random times and the RV fiierence was calculated for each of
the 1@ binaries in the simulation sample. This selection crite-
rion corresponds to the HRV sample. For given Réfatience
and timespan between the measurements the fraction ofisyste 100
with minimum companion masses exceedingdwas counted.

In Fig.[d the fraction of massive compact companions with
unambiguous mass functions is plotted against the RV shift b
tween two measurements at random times (solid curve). It is
quite obvious that binaries with high RV shifts are morelljike
host massive companions. The probability for a high mass com o5 _ 100
panion & 1 M) at high inclination is raised by a factor of ten as
soon as the RV shift exceeds 200 kmh.s

In order to check whether the selection of high velocities
rather than high velocity shifts has an impact on the prdiwbi Fig. 9. Highest radial velocity shift between individual spectra
of finding sdB binaries with massive compact companions vgfotted against time éierence between the corresponding ob-
used the same simulation. In Fig. 8 the fraction of theserlsina serving epochs. The dashed horizontal line marks the smbect
is plotted against only one RV measurement taken at a randefiterion ARV > 100 km s?, the dotted vertical line the selection
time. It can be clearly seen that the detection probabil#gs criterion AT < 0.1d. All objects fulfilling at least one of these
significantly for stars with high RVs. Selecting the fasteists criteria lie outside the shaded area and belong to the togi-can
in the halo therefore makes sense when searching for massi¥ée list for the follow-up campaign. The filled diamonds knar
compact companions to sdB. sdBs, while the blank squares mark He-sdOs.

Since the individual SDSS spectra were taken within short
timespans, another simulation was performed correspgridin
the RRV sample. The first RV was taken at a random time, bwéous 6/N ~ 20— 180, see Tabld 2), whicHfacts the accuracy
the second one just@3 d later. The dotted curve in F{g. 7 illus-of the parameter determination.
trates the outcome of this simulation. As soon as the RV shift A quantitative spectral analysis was performed in the way
exceeds 30 kns within 0.03 d the probability that the compan-described in Lisker et al. {2005) and Stroer et[al. (2007 B
ion is massive rises te 10%. The reason why the probabilitythe fact that our sample consists offdrent subdwarf classes,
does not increase significantly with increasing RV shifthiatt we used appropriate model grids in each case. For the hyaroge
the most massive companions in our simulation have maximuidh and helium-poor (log < —1.0) sdBs with &ective tem-

RV shifts as high as 1000 km’s At the most likely periods of peratures below 30 000K a grid of metal line blanketed LTE at-
=~ 0.5d the maximum RV shift within @3 d is then of the order mospheres with solar metallicity was used. Helium-poorssdB
of 100kms®. Even higher RV shifts within short time are notand sdOBs with temperatures ranging from 30 000 K to 40 000 K
physically plausible. have been analysed using LTE models with enhanced metal line

Our simulation gives a quantitative estimate based on dblanketing (O'Toole & Heber 2006). In the case of hydrogen-
current knowledge of the sdB binary populations. It has to bgh sdOBs with temperatures below 40 000 K showing moder-
pointed out that these numbers should be considered as roaghHe-enrichment (log = —1.0..0.0) and hydrogen-rich sdOs
estimates at most. The observed period and companion magsal-free NLTE models were used (Stroer et al. 2007). The
distributions are especiallyffected by selectionfiects. The de- He-sdOs have been analysed with NLTE models taking into ac-
rived numbers are therefore only used to create a priositytid  count the line-blanketing caused by nitrogen and carbors¢Hi
select the best targets for follow-up. & Heber2009).

Spectral lines of hydrogen and helium were fitted by means
of x> minimization using SPAS. The statistical errors have
been calculated with a bootstrapping algorithm. Minimum er
Our sample of promising targets consists of 69 objects il.totrors reflecting systematic shifts when usinfielient model grids
52 stars show significant RV shifts 30 km s%) within 0.02— (ATe = 500K; Alogg = 0.05; Alogy = 0.1, for a discus-
0.07d and are selected from the RRV sample, while 17 staion see Geier et al. 2007) have been adopted in cases where th
show high RV shifts (106- 300 km s?) within more than one statistical errors were lower. Example fits for a typical sdB
day and are selected from the HRV sample (se€Fig. 9). sdOB and a He-sdO star are shown in Eig. 10.

In Geier et al.[(2011) we showed that the SDSS spectra are In addition to statistical uncertainities systematieets have
well suited to determine atmospheric parameters by fittymg s to be taken into account in particular for sdB stars. The &igh
thetic line profiles to the hydrogen Balmer lines;(td Hg) as Balmer lines (H and higher) at the blue end of the spectral
well as Ha and Her lines. In order to maximize the quality of range are very sensitive to changes in the atmospheric param
the data the single spectra were shifted to rest wavelength a&ters. However, the SDSS spectral range restricts our sinaty
coadded. The quality of the averaged spectra is quite ingemothe Balmer lines from glto Hy. In high SN data these lines are

QOO [y vy e e

ARV [kms™']

3.5. Final target sample
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Fig. 10. Example fits of hydrogen and helium lines with model specirah sdB (left panel), an sdOB (middle panel) and a He-sdO
star (right panel). The atmospheric parameters of these ata given in Tabldd 3 afd 4.

sufficient to measure accurate parameters as has been showsyihuptoril to convert SDSS-g and r magnitudes to Johnson
Geier et al.[(2011). In spectra of lower quality the blueses V magnitudes. Again interstellar reddening has been negflec
(Ho and Hs) are dominated by noise and cannot be used amye distances range from 1 kpc to 16 kpc. Since the SDSS
more. In order to check whether this leads to systematitsshif footprintis roughly perpendicular to the Galactic dislesk dis-
the parameters as reported in Geier etlal. (2010b) we made tas&es tell us something about the population memberstaiprof
of the individual SDSS spectra. We chose objects with mleltipstars. These subdwarfs most likely belong to the thick ditk®
spectra, which have anl$comparable to the lowest quality datehalo with small contributions of thin disk stars.

in our sample4 20). The atmospheric parameters were obtained Fig [T] shows T« — logg diagram of the top target sample.
from each individual spectrum. Average valuesigf and logg  Most of our stars were born in an environment of low metafici
were calculated and compared to the atmospheric parantetergthick disk or halo). Dorman et al, (1993) calculated evioluary
rived from the analysis of the appropriate coadded spectfom  tracks for diferent metallicities of the subdwarf progenitor stars.
effective temperatures ranging from 27 000K and 39 000 K 1oy jower metallicities, the evolutionary tracks and whie the
significant systematic shifts were found. This means theeth |gcation of the EHB, are shifted towards higher temperaterel
ror is dominated by statlstlcal_n0|s_e. However, for tempees  |ower surface gravities. In Fif L1 tHeq — logg diagram is su-
as low as 25000K systematic shifts of the order-@500K  perimposed with evolutionary tracks and an EHB calculated f
in Ter and—0.35 in logg are present. For sdBs with lowfec- 3 sybsolar metallicity of log = —1.48, which is consistent with
tive temperatures and signal-to-noise, the atmospheranpe: 5 mixture between thick disk and halo population. Evolugign
ters are therefore systematically underestimated. Onéetstars racks for solar metallicity are given in Fig-]12 for comsai.

in our sample have temperatures in this range. Since thad-co Most of the sdB stars with hydrogen-rich atmospheres are

ded spectra are of reasonable qualfiyN = 34 - 167), sys- found on or slightly above the EHB band implying an evolution

tematic shifts should be negligible in these cases. Becallise g : e .
important lines of He and Her are well covered by the Spssaly Status as core helium-burning EHB or shell helium-ngni

spectral range, systematiects should be negligible in the casé)OSt'EHB stars. The sample contains only three hydrogén ric
b . ge, sy g9 5dOs, which are thought to be evolved post-EHB stars in a tran
of He-rich sd@Bs as well.

sition state. The He-sdOs cluster near the HeMS at tempegatu

The parameters of the sample are given in TdBles FandPh > 45000K. This is fully consistent Wi}h the results from the
Seven stars have already been analysed in Geier ét al.] (2013 and the SPY surveys (Green et al. 2008; Lisker et al.l2005;
The sample consists of 38 hydrogen rich sdBs, 13 sdOBs apioer et al. 2007) and illustrates that our sample is naxdd
3 hydrogen rich sdOs. Thirteén stars are helium rich sdOs (H&ee FiglLIP).
sdOs) and J134352.18394008.3 belongs to the rare class of he- Compared to other studies we find only a few stars with tem-
lium rich sdBs. peratures lower than 27 000 K. Furthermore, the scattemalrou

the EHB seems to be systematically shifted towards higimer te

Our SDSS sample reaches down to fainter magnitudes gstatures and lower surface gravities. According to outhystf
hence, larger distances than any previous survey. In animmgosystematic errors in the parameter determination, it iskelyl
project Green et al[ (2008) analyse all hot subdwarfs froen tihat this causes thefect. However, higher quality data would
PG survey down te= 140 mag. The sample of hot subdwarfbe necessary to verify this. Another possible explanatiaghtn
stars analysed in the course of the SPY survey reaches dowbdarelated to the volume of the sample. Since hot subdwarfs of
~ 16.5mag (Lisker et al. 2005; Stroer etial. 2007), quite similabwer temperature are brighter in the optical range becafise
to the sample of sdBs from the Hamburg Quasar Survey analysed lower bolometric correction, we may already see all efith
by Edelmann et all (2003). in a fixed volume, while the fraction of hot stars is still ngiat

o fainter magnitudes.
Spectroscopic distances to our stars have been calculated

as described in Ramspeck et al. (2001) assuming the cahonica
mass of 047 M, for the subdwarfs and using the formula given 5 httpy/www.sdss.orgré/algorithmgsdssUBVRITransform.html
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Fig.11. Tex — logg diagram of our target sample. The heliunfig. 12. T — logg diagram of the hot subdwarfs from the SPY

main sequence (HeMS) and the EHB band (limited by the zenaroject (Lisker et al. 2005; Stroer et al._2007). The heliwain

age EHB, ZAEHB, and the terminal-age EHB, TAEHB) are stsequence (HeMS) and the EHB band (limited by the zero-age

perimposed with EHB evolutionary tracks for subsolar nmietal EHB, ZAEHB, and the terminal-age EHB, TAEHB) are super-

ity (logz= —1.48) from Dorman et al[ (1993). imposed with EHB evolutionary tracks for solar metalliditgm
Dorman et al.[(1993).

In Fig.[13 the helium abundance is plotted agairtiaative
temperature. The general correlation of helium abundariite wnificant RV shifts have been found. From the analysis of indi-
effective temperature and the large scatter in the region of tidual SDSS spectra, 81 additional stars with RV shifts arish
sdB stars have been observed in previous studies as well. Timpescales have been found.
sequences of helium abundance among the sdB stars as teporteTargets for follow-up spectroscopy have been selectedjusin
by Edelmann et all (2003) could not be identified. numerical simulations based on the properties of the knalBn s

One has to keep in mind that our sample consists of RV vaglose binary population and theoretical predictions atiweitel-
able stars only. In Fig._11 a lack of such stars at the hot endative fraction of massive compact companions. 69 binariés w
the EHB is visible. Green et al. (2008) reported similarsyst high RV shifts as well as significant RV shifts on short tinedes
atics in their bright PG sample. The reason for this behaviobave been selected as good candidates for massive compact co
is not fully understood yet. According to the model of Han glanions. Atmospheric parameters, spectroscopic distazoe
al. (2002,2003) and Han_(2008) sdBs with thin hydrogen epopulation memberships have been determined.
velopes situated at the hot end of the EHB may be formed after The multi-site follow-up campaign started in 2009 and is be-
the merger of two helium WDs. Since merger remnants are sing conducted with medium resolution spectrographs malnte
gle stars, they are not RV variable. at several dferent telescopes of mostly 4-m-class. First results

The top target sample includes 13 He-sdOs where RV shifite presented in Geier et al. (2011).
of up to 100 kms! have been detected within short timespans
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Fig. 13. Helium abundance log plotted against féective tem-
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coadded spectra at4100 A are given.

Object g No. SN Object g No. @N
J002323.99002953.2 PB5916 13 16 116 J150513.52110836.6 PG 1502113 151 4 90
J012022.94395059.4 FBS 0117396 152 8 100 J150829.02494050.9 18 3 50
J012739.35404357.8 16 8 59 J151415.66012925.2 18 5 48
J052544.93630726.0 156 3 35 J152222.15013018.3 17 5 28
J074534.16372718.5 16 5 26 J152705.08110843.9 11 5 39
J075937.15541022.2 15 3 27 J153411.15643345.2 WD 1532547 167 8 52
J082053.53000843.4 18 6 103 J155628.34011335.0 1® 8 92
J083006.1¥475150.4 18 5 95 J161140.5€201857.0 12 5 20
J085727.65424215.4 US 1993 18 4 21 J161817.65120159.6 18 4 18
J092520.78470330.6 14 3 33 J162256.66473051.1 1® 4 72
J094856.95334151.0 KUV 094603356 174 3 46 J163702.78011351.7 11 12 46
J095229.62301553.6 12 3 20 J164326.04330113.1 PG 1644331 161 3 55
J095238.93252159.7 16 4 113 J165404.26303701.8 PG 1652307 151 4 167
J100535.76223952.1 18 4 28 J170645.5243208.6 15 3 39
J102151.64301011.9 10 12 34 J170810.97244341.6 12 3 16
J103549.68092551.9 1® 3 59 J171617.38653446.7 SBSS17¥%56 169 8 39
J110215.9¥521858.1 12 3 44 J171629.92575121.2 15 4 21
J110445.02092530.9 1® 4 40 J172624.1274419.3 PG1724278 157 4 107
J112242.69613758.5 PG 1115619 151 3 87 J174516.32244348.3 14 3 22
J112414.45402637.1 177 3 21 J175125.6#255003.5 12 4 50
J113303.78290223.0 14 3 34 J202313.88131254.9 10 3 33
J113418.00015322.1 LBQS11340209 177 6 30  J202758.68773924.5 17 3 22
J113840.68003531.7 PG 11368003 142 10 174 J204300.9@02145.0 15 9 50
J113935.45614953.9 FBS 1136621 168 3 34 J204448.68153638.8 177 7 50
J115358.84353929.0 FBS 1154359 163 3 48 J204546.81054355.6 18 4 29
J115716.3¥612410.7 FBS1154617 169 5 34 J204613.40045418.7 1® 3 120
J125702.30435245.8 18 3 18 J204940.85165003.6 177 7 35
J130059.28005711.7 PG 1258012 163 3 47 J210454.80110645.5 12 4 37
J130439.5¥312904.8 LB28 18 3 42 J211651.96003328.5 17 3 19
J133638.84111949.4 10 3 32 J215648.74003620.7 PB5010 17 3 22
J134352.14394008.3 18 3 19 J225638.34065651.1 PG 2254067 151 3 86
J135807.96261215.5 177 4 23 J232757.46483755.2 1% 3 92
J140545.25014419.0 PG 1408019 156 3 81 J233406.14462249.3 14 3 35
J141549.05111213.9 18 3 82  J234528.88393505.2 13 3 37
J143153.05002824.3 LBQS 14290015 178 8 34

Table 3. Priority targets for follow-up (HRV subsampl&)The binary system has been analysed in Geier et al. (2011).

Object Class Te logg logy d ARV At

[K] [kpc] kms'] [d]
J102151.64301011.9 sdB 30708 500 571+0.06 <-30 5.8+05 277+51 14936
J150829.02494050.9 sdB 28208 600 R34+ 009 -20+02 6.4’:%% 211+18 2161429
J095229.62301553.6 sdB 352081200 505+0.17 <-3.0 160" ;g 198+40 1155766
J113840.68003531.F7 sdB 30800+ 500 550+009 -3.0+0.2 l3f°;% 182+12 0973
J165404.26303701.8 sdB 24400+ 800 R32+0.11 -23+03 19’:8:% 181+ 9 1795144
J152222.15013018.3 sdB 248081000 552+0.15 -26+05 4.8j93 173+ 36 3001
J150513.52110836.6 sdB 33300+ 500 580+0.10 -24+03 15f83g 154+ 12 Q957
J002323.99002953.2 sdB 30100+ 500 562+ 0.08 -22+02 18’:83% 130+ 14 82784
J202313.83131254.9 sdB 29608 600 564+014 -21+0.1 3.8j83 124+ 21 1202795
J012022.94395059.4 sdB 28908 500 551+008 -3.0+04 19j8f9 114+ 11 360973
J202758.63773924.5 sdO 462003200 548+0.18 -28+09 8.2’:8:% 114+ 48 1960
J095238.93252159.7 sdB 27808 500 561+008 -264+0.1 leg’E 111+ 10 2918
J161140.56201857.0 sdOB 36908 700 589+013 -12+01 6.1j9f% 108+ 36 0947
J164326.04330113.1 sdB 27908 500 562+ 0.07 -23+02 24’:8:g 108+ 11 1990
J204448.63153638.8 sdB 29608 600 557+009 -22+01 5.7j83 101+19 3049
J083006.17475150.4 sdB 25208 500 530+005 -33+07 28j8fZ 95+ 14 3961
J204940.85165003.6 He-sdO 43006700 571+0.13 > +20 6. 2*9'% 85+ 19 5932

*<-0.9
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Table 4. Priority targets for follow-up (RRV subsamplé)he binary system has been analysed in Geier et al. [20Afthospheric
parametersTy = 39400K, logg = 5.64, logy = —0.55) have been determined by Stroer etal. (2007).

J085727.654242154  He-sdO 395001900 563024 +02:02 8730 111146 0066
J161817.65120159.6  sdB 321081000 535+023 - 81728 105:31 0043
1232757.46483755.2  He-sdO 647002000 540+008 > +2.0 42708 105124 0016
1162256.66473051.1  sdB 28608500 570011 -181+01 22703 101+15 0037
J163702.78011351.7 He-sdO 46100700 592+022 > +2.0 3gil 101:55 0085
1113303.76290223.0  sdfA - N Z Z 95+35 0016
J135807.962612155  sdB 33500600 566+010 <-20 5808 87:29 0030
1112242.69613758.5  sdB 20308500 569+010 -23+03 1502 83:20 0047
J153411.105433452  sdOB 34808700 564+009 -26+03 3.81%% 83+29 0018
J082053.53000843.4  sdB 26708900 548+0.10 -20:009 1693 77+11 0047
J170810.97244341.6  sdOB 35600800 558+0.14 -08:01 8516 76:33 Q013
J094856.95334151.0  He-sdO 510001200 587+012 +18+05 5.1jg;§ 75417 Q012
J204613.40045418.F  sdB 31600:600 555+0.10 -37+06 2804 70:13 0030
1215648.720036207  sdB 30808800 577+012 -22+03 4708 69x21  QO11
J074534.16372718.5  sdB 37508500 590+009 < -30 46705 65:19 0036
J143153.05002824.3 sdOB 37309800 602+0.16 -08:01 4408 65:22 Q012
J171629.92575121.2  sdOB 354091000 560018 -07+01 7810 65:16 Q013
J112414.45402637.1  HesdO 471091000 581:023 +17+07 5918 63:22 Q021
J125702.304352458  sdB 280081100 577+017 <-30 4978 63:28 0010
J110215.97521858.1  He-sdO 566004200 536+022 > +2.0 898 62:11 0033
J151415.660129252  He-sdO 48200500 585:008 +17:04 3604 62:22 0016
1204300 960021450  sdO 40200700 615:013 -13:04 3690 61:13 0016
J171617.33553446.7  sdB 32908900 548+009 < -30 4987 60x24 Q048
1210454.891106455 sdOB 37808700 563+010 -24+02 4906 58+19 0023
J115358.81353020.0 sdOB 20400500 549+0.06 -25:03 33903 56x12 0022
J174516.32244348.3  He-sdO 434001000 562+021 > +2.0 6218 55:28 0016
J134352.14394008.3  He-sdB 360002100 478+030 -02:02 8895 52:34 0022
J115716.376124107  sdB 20008500 559+008 -32:08 40705 51:34 0049
J133638.82111949.4  sdB 27508500 549008 -27:02 4405 48:17 0030
J211651.96003328.5  sdB 27908800 578015 -39:07 43703 48:23 0016
J170645.57243208.6  sdB 32008500 559+ 007 < -40 5508 46114 0013
J175125.67255003.5  sdB 30608500 548+008 <-38 5008 46114 0034
1012739.35404357.8  sdO 483083200 567+010 -13+02 4107 45:17 0037
J113418.00015322.1  sdB 297081200 483+016 <-40 1898 45124 Q076
J172624.10274419.3 sdOB  33500:500 571+0.09 -22:01 2203 45:16 0047
J155628.34011335.0  sdB 32708600 551:008 -29:02 3104 44:15 0068
J103549.68092551.9  He-sdO 48100600  602+013 > +20 2281 43012 0021
J141549.05111213.9  He-sdO 43100800 581+017 > +2.0 2488 43:7 0023
J152705.08110843.9  sdOB 37608500 562+010 -05+01 4806 43+14 Q054
J052544.93630726.0  sdOB 35608800 585+010 -16+02 4308 42417 Q026
J100535.76223952.1  sdB 20008700 543+013 -27+02 7905 41+18 Q019
1204546.81054355.6  sdB 35508500 547+009 -14+02 7308 41418 013
1092520.76470330.6  sdB 28108900 517+015 -25+02 7.5%?1 4013 Q012
J075937.15541022.2  sdB 31308700 530:010 -33:03 76'1. 38:13 Q012
1234528.85393505.2  He-sdO 47900800 607+014 > +2.0 3508 37+14 Q012
J130439.57312904.8  sdOB 38108600 569+012 -04+01 4108 36+12 Q037
J130059.26005711.F7 He-sdO 40706:500 553+010 -06+01 3905 36+16 Q012
J11044501002530.9 sdOB 35009800 541+007 -21+04 3804 34:14 0040
J113935.45614953.9  sdB 28808900 527+0.15 -28+03 4901 31x14 Q011
1233406.13462249.3  sdOB 34608500 5714009 -13+01 4908 31+14 Q025
1225638.34065651.F  sdB 28900: 600 558+011 -30+02 1603 27411 Q031
J140545.25014419.0  sdB 27308800 537016 -19:02 2506 25:10 0026

13



S. Geier et al.: The MUCHFUSS project — Searching for hot watrflbinaries with massive unseen companions

Appendix A: Close binary subdwarfs from literature
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Table A.1. Orbital parameters of all known hot subdwarf binaries friderature. The superscript p denotes sdB pulsators, riemar
where with reflection ffect, ec eclipsing systems and el systems with light vanat@aused by ellipsoidal deformatioRost-RGB
stars without core helium-burningDouble-lined binary consisting of two helium rich sdBs. TR¥ semi-amplitudes of both
components are given.

Object P Yy K Reference

[d] [kms™] [kms™]
PG 085@3-170 27815 322+28 335+ 3.3 Morales-Rueda et al. 2003a
PG 1619522 153578 -525+1.1 352+ 1.1 Morales-Rueda et al. 2003a
PG 1116-294 94152 -152+09 587+ 1.2 Morales-Rueda et al. 2003a
Feige 108 &465 458 + 0.6 502+ 10 Edelmann et al. 2004
PG 0946-068 8330 -167+14 612+ 14 Maxted et al._2000b
PHL 861 744 -265+04 479+ 0.4 Karl et al[ 2006
HE 1448-0510 7159 -455+0.8 537+ 1.1 Karletal 2006
PG 1032406 67791 245+ 0.5 337+ 05 Morales-Rueda et al. 2003a
PG 09074123 611636 563+ 1.1 598+ 0.9 Morales-Rueda et al. 2003a
HE 1115-0631 587 871+13 619+ 11 Napiwotzki et al. in prep.
CD-24731 585 200+ 5.0 630+ 3.0 Edelmann et al. 2005
PG 1244113 575207 98+ 12 556+ 1.8 Morales-Rueda et al. 2003b
PG 0839-399 56222 232+11 336+ 15 Morales-Rueda et al. 2003a
TONS 135 41228 -37+11 414+ 15 Edelmann et al. 2005
PG 0934-186 4051 74+29 602+ 20 Morales-Rueda et al. 2003b
PB 7352 362166 -21+03 608+ 0.3 Edelmann et al. 2005
KPD 0025+5402 35711 -78+07 402+ 1.1 Morales-Rueda et &l. 2003a
TON 245 2501 - 883 Morales-Rueda et al. 2003a
PG 1306-2756 225931 -31+09 628+ 1.6 Morales-Rueda et al. 2003a
NGC 18811-91 215 - 220 Green et al, 2004
V 1093 HefP 177732 -39+08 708+ 1.0 Morales-Rueda et al. 2003a
HD 171858 163280 625 +0.1 608+ 0.3 Edelmann et al. 2005
KPD 2040+3954 148291 -115+10 951+ 17 Morales-Rueda et al. 2003b
HE 2150-0238 1321 -325+09 963+ 14 Karletall 2006
[CW83]1735+22 1278 206+ 0.4 1030+ 1.5 Edelmann et al. 2005
PG 1512244 126978 -29+10 927+ 15 Morales-Rueda et al. 2003a
PG 0133114 123787 -0.3+0.2 820+ 0.3 Edelmann et al. 2005
HE 10470436 121325 250+ 3.0 940+ 3.0 Napiwotzki et al. 2001
HE 1421-1206 1188 -862+11 555+ 20 Napiwotzki et al. in prep.
PG 1006-408 1041145 419 724  Shimanskii et al. 2008
PB 5333 092560 -953+13 224+ 08 Edelmann et al. 2004
HE 2135-3749 09240 450+ 0.5 905+ 0.6 Karl et all 2006
EC 12408-1427 090243 -520+1.2 589+ 1.6 Morales-Rueda et al. 2006
PG 09180258 087679 104 +1.7 800+ 26 Morales-Rueda et al. 2003a
PG1116-301 085621 -02+11 885+ 21 Morales-Rueda et al. 2003a
PG 1236-052 Q8372 -434+0.8 415+ 1.3 Morales-Rueda et al. 2003b
V2579 Ophk 0.8292056 -54.16+0.27 7010+ 0.13 For et al.2006
TONS 183 08277 505+ 0.8 848+ 1.0 Edelmann et al. 2005
EC 02206-2338 08022 207+ 23 963+ 1.4 Morales-Rueda et al. 2005
PG 0849-319 Q74507 640+ 15 663+21 Morales-Rueda et al. 2003a
JL8Z 0.73710 -16+08 346+ 1.0 Edelmann et al. 2005
PG 1248164 Q73232 -162+13 618+ 1.1 Morales-Rueda et al. 2003a
HD 188112 0.60658125 26+ 0.3 1884+ 0.2 Edelmann et al. 2005
PG 1247554 0602740 138+0.6 322+ 10 Maxted et al._2000b
PG 1725252 Q0601507 -60.0+ 0.6 1045+ 0.7 Morales-Rueda et al. 2003a
PG 010%03%'P 0.569899 73+0.2 1047+ 0.4 Geier et al. 2008
HE 1059-2735 0555624 -44.7 + 0.6 877+ 0.8 Napiwotzki et al. in prep.
PG 1513640 054029143 a+04 427+ 0.6 Edelmann et al. 2004
PG 0004275 0529842 -447+ 05 928+ 0.7 Edelmann et al. 2005
PG 1743477 0515561 -658+0.8 1214+ 1.0 Morales-Rueda et al. 2003a
HE 1318-2111 0487502 40+ 0.7 485+ 1.2 Napiwotzki et al. in prep.
PG 1544-488: 0.48 -23+4 57+4/97+10 Ahmad et al. 2004
GALEXJ234947.#384440 (046249 20+ 1.0 879+ 22 Kawka etal 2010
HE 0230-4323° 0.45152 166+ 1.0 624+ 16 Edelmann et al. 2005
HE 0929-0424 04400 414+ 10 1143+ 1.4 Karl et al[ 2006
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Object P y K Reference
[d] [kms™] [kms™
[CW83]1419-09 04178 423+ 0.3 1096 + 0.4 Edelmann et al. 2005
KPD 1946+434@¢¢! 0.403739 -55+1.0 1670+ 24 Morales-Rueda et al. 2003a
KUV 04421+1416° 0.398 33+ 3 90+5 Reedetal. 2010
Feige 48 0.376 -479+0.1 280+ 0.2 O'Toole et al[ 2004
GD 687 037765 323 +3.0 1183+ 34 Geier et al_2010a
PG 1232136 03630 41+03 1296+0.04 Edelmann et dl. 2005
PG 110%249 035386 -0.8+0.9 1346+ 1.3 Moran et al._1999
PG 1438-029 0.336 - 321 Greenetal. 2005
PG 1528104 0331 -499+0.8 527+ 13 Morales-Rueda et al. 2003b
PG 094%28C°¢ 0.315 - — Green et al, 2004
KBS 13 0.2923 753+0.08 2282+0.23 Foretal 2008
CPD-64481 02772 941+ 0.3 238+ 04 Edelmann et al. 2005
GALEXJ032139.8472716 (26584 766+22 508+ 45 Kawka et al 2010
HE 0532-4503 02656 85+0.1 1015+ 0.2 Karl et al[ 2006
AA Doreer 0.2614 157+ 0.09 4Q15+0.11 Mduller et al[201D
PG 1323159 0.249699 -220+12 402+ 1.1 Morales-Rueda et &l. 2003a
PG 2345-318*¢ 0.2409458 -106+14 1412+ 1.1 Moran et al."1999
PG 1432159 022489 -160+11 1200+ 1.4 Moran et al_1999
BPS CS 221690001 0.1780 28+0.3 149+ 0.4 Edelmann et al. 2005
HS 23333927 0.1718023 -314+21 896+ 3.2 Heber etal. 2004
2M 1533+375F<" 0.16177042 -34+52 711+ 10 Foretal 2010
EC 00404-4429 012834 330+29 1528 + 3.4 Morales-Rueda et al. 2005
2M 1938+4603" 0.1257653 20+ 0.3 657+0.6 stensen et dl. 2010
BUL-SC 16 335°" 0.125050278 - —  Polubek et al. 2007
PG 1043760 01201506 28+14 636+ 1.4 Morales-Rueda et al. 2003a
HW Viresr 0.115 -130+0.8 846+ 1.1 Edelmann2008
HS 2231244 0.1105880 - 491+ 32 stensen et al._ 2007
NSVS 14256825 0.110374102 - - Wils et al[2007
PG 1336-018¢"P 0.101015999 -250 787 +0.6 Vuckovic et al 20017
HS 0705-670C°" 0.09564665 -364+29 858+ 3.6 Drechsel et al. 2001
KPD 1930+-2752'» 0.0950933 P+10 3410+ 1.0 Geier et al._2007
KPD 0422+-542 ¢! 0.09017945 -570+120 2370+180 Orosz & Wadé& 1999
NGC 6121-V46°e'+ 0.087159 313+ 16 2116+ 23 O'Toole et al 2006
PG 1017086 0.0729938 -91+13 510+ 1.7 Maxted et al. 2002
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