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ABSTRACT

We present optical spectroscopy of several (candidat&)}atimpact X-ray binaries (UCXBS)
obtained with the ESO VLT and Gemini-North telescopes. liy one of five observed UCXB
candidates did we find evidence for H in its spectrum (4U 166%+For XB 1905+00 the op-
tical counterpart is not detected. For the known UCXBs 4U6t62 and XB 1916-05 we
find spectra consistent with a C/O and a He/N accretion disgeatively, the latter is the
first optical spectrum of a He-rich donor in an UCXB. Inteiregly, the C/O spectrum of
4U1626-67 shows both similarities as well as marked diffees from the optical C/O spec-
trum of 4U 0614+09. We obtained phase resolved spectrosabpy 0614+09 and the 44
min transient XTE J0929-314. In neither object were we abldetect clear orbital period-
icities, highlighting the difficulties of period determiians in UCXBs. We reanalysed the
spectra of XTE J0929-314 that were taken close to the peak 80D3 X-ray outburst and do
not confirm the detection of &d emission as was claimed in the literature. The peak spectra
do show strong C or N emission around 484@s has also been detected in other UCXBs.
We discuss the implications of our findings for our underdilag of the formation of UCXBs
and the Galactic population of UCXBs. At the moment all staidystems are consistent with
having white dwarf donors, the majority being C/O rich.

Key words: binaries: close — white dwarfs — X-ray: binaries

1 INTRODUCTION ESA/NASA mission LISA (e.g..Phinney 2002; Nelemahs 2003,
2005).

One of the distinguishing properties of UCXBs is their opti-
cal faintness in outburst, as expected for the small aceretiscs
in these systems_(van Paradijs & McClintock 1994). Therefois
only with the advent of 8m class telescopes that high-gualiti-
cal spectra have become available, and consequently mumtr of
current knowledge is based on X-ray observations and phstom
?ry at different wavelengths. Due to the nature of the dotemssn
UCXBs the disc material is expected to be hydrogen poor diogi
an opportunity to distinguish UCXBs from other low-mass &§+r
binaries through optical or UV spectroscopy. There are 5Pesys
with known or suggested orbital periods, including systenggob-
ular clusters. Six more systems are identified based onagitiels
with known systems in either their X-ray specira (Juett 22@01)
or as a result of their optical faintness_(Bassa kgt al. |2006)).a
short review of UCXBs see Nelemans & Jomker (2006).

Low-mass X-ray binaries are systems in which a neutron star o
black hole accretes from a low-mass companion. Most systems
have orbital periods of hours to days and are consistent tivith
scenariol(van den Heulel 1983) in which the donors are main se
guence or evolved, hydrogen-rich, stars. A few ultra-corhpé

ray binaries (UCXBs) have orbital periods below an hour and
are so compact that the donor stars cannot be main sequenc
stars, but instead must be hydrogen poor (e.0. Nelson e9ah; 1
Verbunt & van den Heuvel 1995). These systems have recemntly a
tracted attention for a number of reasons, such as the discov
ery of transient UCXBs which harbour millisecond X-ray fars
(e.glRemillard et al. 2002; Markwardt & Swank 2002) and et f
that such systems are strong sources of low-frequency tgravi
tional wave radiation and will be guaranteed sources foljdhre

* E-mail: nelemans@astro.ru.nl, based on observations mitleESO
Telescopes at the Paranal Observatories under progran@43-2026 and L http://1isa.esa.int
073.D-0486 http://11sa.|pl.nasa.qov
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We have started a systematic program to obtain optical spec-

tra of (candidate) UCXBs using the ESO Very Large Telescope
and the Gemini-North telescope in order to test the propésed
mation channels for UCXBs and probe the interior structure o
the donor stars through determination of the chemical cainpo
tion of the accretion discs in these systems. The resulteofitht
part of this projects was the discovery of carbon-oxygerreacc
tion discs in 4U 0614+09, 4U 1543-624 and possibly 2S 0918-54
(Nelemans et al. 2004). In this paper we report on the secend s
of observations, as well as on a collection of other speditained
from the ESO archive. In Sedl 2 we briefly describe the olaserv
tions and the data reduction techniques. In $éct. 3 we vetbqmt
the results of our observations for the individual systevis.end

the paper with a discussion of the implications of our obsons

for our understanding of UCXBs (Sefl. 4) and a summary of our
conclusions (Sedfl 5).

2 OBSERVATIONS AND REDUCTION

Spectroscopic observations of five (candidate) UCXBs

Table 1. Most prominent lines in the model spectrum for 4U 1916-05

lines @A) element
4097.36/ 4103.39 N
4195.74/ 4200.07 N
4471.68 Hel

4510.88/ 4510.96/ 4514.85/ 4518.14/ 4523.56 111 N

4634.13/ 4640.64/ 4641.85/ 4641.96 11N
4686.75 Hel
4858.70/ 4858.98/ 4861.27/ 4867.12/ 4867.17 111 N
5015.68 Hel
5320.87/ 5327.19 Ni
5666.63/ 5679.56 N
5875.62 Hel
6559.71 Hen
6610.56 N1
6678.15 Hel
7065.19 Hel

fitting a cubic spline. The 600RI wavelength calibrationaugi-
cally 40 lines and gives a root-mean-square scatter of A.TFhe
GMOS-North spectra were calibrated with 40 lines, givingeat-

Spectra were taken with the FORS2 spectrograph on UT4 of the ter of less than 0.08.

8m Very Large Telescope on Paranal in Chile. For each object w
took spectra both with the 600B and 600RI holographic grisms
with a 1” slit, using 2x2 on-chip binning. This setup resdlt@
coverage of 3326 — 6358 with mean dispersion of 1.48/pix
(resolution about &) for the 600B spectra and 5290 — 86&@vith
mean dispersion of 1.6&/pix (resolution about &) for the 600RI
spectra. Exposure times were 2754 s. In addition VLT speiftra

4U1626-67, 4U 0614+09 and 4U 1556-60 were extracted from the

ESO archive and reduced in the same way as the other spectra.
Spectroscopic DDT observations of XTE J0929-314

Spectra were taken first with the UVES spectrograph on the VLT
Unfortunately, the source had faded too much (cf.Hig. 5& Jjrec-
tra of the individual exposures of 150 s could not be extahsteall
30 spectra were first combined before the spectrum was éxtrac
Additional spectra were taken with the FORS2 spectrograjph w
the 1200R and 1400V holographic grisms, with a 1” slit, usrg
on-chip binning (resolutions abouli;iand exposure times of 150
s. This setup resulted in coverage of 4580 — 626with mean
dispersion of O.ﬂ&/pix for the 1400V spectra and 5869 — 7369
A with mean dispersion of 0.74/pix for the 1200R spectra. We
also retrieved from the ESO archive the 3 spectra that wéenta
close to the peak of the X-ray outburst with the ESO 3.6m ¢teles
using the EFOSC spectrograph (Castro-Tirado et al.l2002).
Spectroscopic observations of 4U 0614+09 with Gemini

Time resolved spectra were taken with the GMOS-North spectr
graph on Gemini-North on Mauna Kea using the B1200 grating
with a 0.75” slit (resolution aboutib with 4x4 on-chip binning
and an integration time of 293 s. A total of 52 spectra werertak
between 30/10/2003 and 22/11/2003.

For all of the above setups, data reduction was performed us-

ing standard IRAEtasks. The bias was removed using the overscan
region of the CCD, after which the images were flatfield cagec
using the standard calibration plan flatfields. Spectra extracted
using optimal extractiorn_(Horrle 1986) with tagal | task. Arc
lamp spectra were extracted from the same place on the CGD. Th
600B wavelength calibration was obtained using the postiof
14-17 lines, giving a root-mean-square scatter of less@hBA in

2 |RAF is distributed by the National Optical Astronomy Obsxories

Because observations of spectroscopic standard starswfere
obtained close in time to our observations, the spectra wete
flux calibrated. The spectra of each object were averagedhend
few remaining cosmics removed by hand. The reduced speeta w
subsequently imported in the MOLLY package for further gisisl
We normalised the spectra by fitting a second order cubioesjdi
the continuum at line-free regions of the spectrum.

3 RESULTS

In the following sections we will discuss the results for tié&
ferent objects in detail. Because there are very few optipak-
tra of UCXBs known, interpretation of these spectra geiheial
difficult. We found that simple LTE models are a good tool to
identify lines from the different possible elements that tliscs of
UCXBs can contain, even though the LTE assumption is prgbabl
not justified (Nelemans etigl. 2004). The LTE model that we use
consists of a uniform slab of gas, with constant density antber-
ature. For more details of this model, see Marsh el al. (1991)
Nelemans et all (2004). We discuss the interpretation ofesults
and the applicability of our LTE modeling in Segt. 4.

3.1 The known UCXB XB 1916-05

With the VLT we obtained spectra of the known UCXB 4U
1916-05, which has a 50 min orbital periad (Walter ef al. 1982
White & Swankl 1982). The faint optical counterpart (V=21sha
inhibited spectral studies until now. The discovery of 270kdrst
oscillations (Galloway et al. 2001) shows the neutron stapin-
ning rapidly. Three spectra were taken with the 600RI grisne
with the 600B grism. In Figd1 we show the normalised, average
spectrum, which on first sight looks similar to the spectriuithe
C/O disc of 4U 0614+09 (Nelemans el al. 2004), but in addition
broad emission around 4540s present. We found a good match
with an LTE model consisting of pure helium plus overabutidan
nitrogen (see FidJ1). The model has a temperature of 28,000 K
a particle density oft x 10" ¢cm™ and a line of sight through
the medium of10” cm. The relative number of He and N atoms
is 90:3, which is about 10 times higher than material of owdjiy

(© 2006 RAS, MNRASDOQ [TH8
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Figure 1. Normalised (and rebinned) spectrum of the known UCXB
XB 1916-05, showing broad features, with a 30 kK LTE modelsisting

of pure helium plus nitrogen (thin black/white line) and adebincluding
heavier elements at solar composition (thick grey line).

solar abundance which has been processed through the CN©O cyc
The most prominent lines are from Hélell, Nit and Nii, and are
listed in TableL. In the figure we also plot a model with the eam
He and N abundance, but with the elements heavier than Ne at so
lar abundance. Although there are some small differentesnot
possible to determine the original metallicity of the doridow-
ever, if the high N abundance is true, an initially high miatay is
likely.

We conclude that the detection of a He dominated accretion
disk spectrum provides the first direct evidence for a helilamor
in an UCXB.

3.2 The known UCXB 4U 1626-67 compared to 4U 0614-09

We obtained spectra of the 42 min. binary 4U 1626-67, whigh ha
bours a 7 s X-ray pulsar (Middleditch et al. 1881), making\ueay
different system to the other UCXBs, which all have old, Ifiele
neutron stars as accretors. For a discussion of the formafio
this system sele Yungelson et al. (2002) and referencesnhéhe
system shows strong line emission in the X-ray spectrumchvhi
has been identified with O and Ne lines_(Schulz et al. 200%). It
UV spectrum shows strong carbon and oxygen lines (Homer et al

(© 2006 RAS, MNRASDOQ [TH8
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Figure 2. Normalised spectra of 4U 1626-67 and 4U 0614+09. Below
4500 the spectrum of 4U 1626-67 follows the LTE model of a C/O disc
that fitted our previous spectra of 4U 0614+09 (with wavelbagabove
4600&) much better than 4U 0614+09 itself. In the red part of thectum
we plot the model which we used for the line identification bf@614+09
in the middle. Most features are C features and are weakey (h626-67.

2002). We therefore expect the optical spectrum to show D&3
just as the C/O disc of 4U 0614+09 (Nelemans &t al. 2004).

Three spectra were taken with the 600RI grism, one with the
600B grism. In addition we retrieved two spectra taken wité t
600B grism plus four spectra taken with the 600R grism (exp®s
time 1735 s), and three spectra taken with the 1400V grism (ex
posure time 1100 s) from the ESO archivel_In Nelemans & Jonker
(2005) we already showed a comparison between the specfrum o
4U 1626-67 and our earlier 4U 0614+09 spectrum which looked
very much like each other, in agreement with the interpiatat
of the donors of both these systems being C/O rich. Indeed 4U
1626-67 follows the simple C/O LTE model that we made for 4U
0614+09 reasonably well even at bluer wavelengths than @28 2
4U 0614+09 spectrum reached. However, a second spectrum of
4U 0614+09, obtained with the VLT with the same setup and wave
length coverage as our 4U 1626-67 spectrum (that we extracte
from the ESO archive, see also Werner ¢t al. 2006) clearly olate
follow the simple LTE model! (see Fif 2). The blue part of the
4U 0614+09 spectrum does not show the prominent (Oll) featur
(see also_Werner etlal. 2006). The small plateau just blud wfr
the 464@ feature in 4U 0614+09 seems a result of the continuum
normalisation (cf. Fid13).
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Figure 3. Average normalised spectrum of 4U 0614+09, taken with GMOS
on Gemini-North.
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Figure 4. Trailed spectra of 4U 0614+09 around 493®lded on a period

of 48.547 min., showing a sinusoidal velocity variation iaak line around
49604 (Cl 49597) visible at-+2000 km s'1. The amplitude of the varia-
tion is 190 km s'1, which implies an inclination of about 25or a neutron

star mass of 1.4, . The feature around-1700 km s~1 is the result of

an artifact in the CCD.

In Fig.[d we show the average spectrum of 4U 0614+09 from
all 52 spectra taken with GMOS on Gemini-North. The spectrum
shows the same features as the VLT spectra [Fig. 2). We used th
GMOS spectra to look for variability in the line profiles onosh
timescales in order to search for signals of the orbitalquerive
produced periodograms of the data for the range of expeaed p
ods, but no periodic signals were found.

Another way to pick up coherent patterns in a variable envi-
ronment is to search by eye. We used a utility (kindly progit
us by Gijs Roelofs) which shows movies of trailed spectrotga
folded at slowly varying periods. In this way we browsed tigb
the data, without finding a clear periodic signature. Thetros-
vincing possible period is 48.547 min, which produces agratiice
sinusoidal pattern in a weak absorption line around ﬁeﬁfbssi-
bly CI 4958.7R), as shown in Figll4 (at velocity +2000 kn'¥).
However, the significance of this “detection” is marginabast and
has been found after many hundreds of trial periods. Inieggy,
this period fits in rather well with the period of 50 min. sugtgesl
recently based on photometric ULTRACAM da@t al.
M). If these periods are true the latter period would bepers

| ]'\ T |
o T ﬂ[ _
i)
O

50 100 150

MJD — 52350 (days: UTC)

Figure 5. X-ray light curve of XTE J0929-314 from the RXTE All sky mon-
itor. The dates of the optical observations are indicatedeatop of the plot
(left to right): ESO 3.6m EFOSC observations, VLT UVES olagons
and VLT FORS2 observations.

hump period, just above the orbital period. The amplitud¢hef
velocity variation is 190 km's!, which if it originates in the donor
and with the assumption of-a 50 min orbital period gives a mass
function of 0.025. Assuming a neutron star mass ofNl4 and a
companion star that has a much lower mass, this implies din inc
nation of 15 which is rather low.

3.3 XTE J0929-314

XTE J0929-314 is one of the three transient UCXBs and was
discovered in 2002 (Remillard etlal. 2002). It has an ol

riod of 44 min [Galloway et al._2002). The X-ray lightcurve is
shown in Fig[h. The system showed X-ray pulsations at 185 Hz
during the outburst (Remillard etlal. 2002). Near the peakhef
X-ray outburst a spectrum was taken with the ESO 3.6m tele-
scope in which emission atddand around 4650 was reported
(Castro-Tirado et al. 2002). In particular thexHemission is im-
portant, since this would clearly point to a donor whichl stds
some hydrogen left (see Sekl. 4). However, the evidence for H
emission is rather weak as is shown in Hihy. 6, where we display
the spectra. The formal significance of the ldmission is 3, but

one has to keep in mind that there are many emission linesin th
night sky around K that could lead to systematic errors. There is
clearly significant emission around 465(s seen in Fidl7. This

is reminiscent of the strong emission seen in the spectrutheof
C/O accretion disc of 4U 0614+09 (Nelemans et al. 2004), lsot a
similar to the He + N spectrum of 4U 1916-05 discussed above.
Because the peak spectra of XTE J0929-314 are not of very high
quality it is difficult to distinguish, so as bracketing méglewe

plot in Fig.[1 LTE models of a C/O disc (with the same parame-
ters as 4U 0614+09: a 27,000 K slab of 30 per cent C and 70 per
cent O) and a disc consisting of He and N with the same parame-
ters as 4U 1916-05 (3 per cent N by number). The spectrum is not
good enough to determine the composition, although the ¢dck
emission around 45(505uggests a C/O donor. Between 4250 and
44004 there are hints of emission, and possibly absorption atoun
4300A. However, these features are not significant.

(© 2006 RAS, MNRASDOQ [TH8
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Figure 6. Region around H of the outburst spectrum of XTE J0929-314
on the basis of which Castro-Tirado el al. (2002) claim émission which
would contradict the interpretation of the donors as whiteds. The 3
individual spectra are shown at the bottom, the averageea®thspectrum.
The LTE models shown in Fif] 7 are shown in grey.

XTE J0929 in outburst
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Figure 7. Spectrum of XTE J0929-314 taken close to the peak of the X-ray

outburst. Also shown are LTE models for a C/O (top) and a Heditém)
disc are shown.

In order to see if a more quantitative criterion can be used
we determined the equivalent widths (EWSs) of the strongast |
complex in our spectra: the range 4500-4%p@hich includes the
strong NIl feature around 4586seen in 4U 1916-05. The EW
of 4U 1916-05 is lﬁ, while the EWs of the other systems are:
4U 0614+09, A for the GMOS spectrum andfofor the VLT
spectrum, 4U 1626-67 10 and 11 for the two VLT spectra and for
XTE J0929-314 again/ﬁ. Formal errors on these measurements
are all less than 04 Although 4U 1916-05 has the largest EW
in the wide range, there is no clear gap between the EW values o
C/O and He/N discs. And we note that close inspection of theeth
spectra we have of 4U 0614+09 show that differences in contmn
normalisation cause large systematic errors on the olotdtves,
thus hampering this method. Despite all this, based on the &gV
again tentatively classify XTE J0929-314 as a C/O system.

After the discovery of XTE J0929-314 we requested VLT

(© 2006 RAS, MNRASDOQ [THS
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Figure 8. Normalised spectrum of 4U 1556-60, showing strong H and He
emission, plus the Bowen blend at 4840

DDT observations to study the transient during the outb(sse
Fig.[ for the X-ray light curve with the times of our opticab-o
servations indicated). We first attempted UVES observati@m

27 May 2002), but it became soon clear that the target hadifade
too much. We therefore changed to FORS2 observations. Unfor
tunately when the observations were done (16/17 June 26@2) t
source again had faded and the spectra show no clear fed&roes
Giles et al.|(2005) we derive the I-band magnitudes on thesdait
our observations as 18.5 (EFOSC), 19.5 (UVES), 20.1 (FORS2)

3.4 4U 1556-60

The source 4U 1556-60 was selected as a candidate UCXB based
on the suggested “Ne feature” in its X-ray spectrum (Falieehll
2003). This feature was discussed in the context of findinikBE

by Juett et 2l.1(2001), who noted a similarity in the X-ray cpe

of several X-ray binaries, among which the known 20 min UCXB
4U 1850-087. They interpreted this feature around 0.7 kedhas-
dication of enhanced Ne in the transferred material. Intaaldiear-

lier optical spectra of 4U 1556-60 (Cowley eflal. 1988; Mogtfal.
1989) show strong emission between 4600 and A700t no H3
and only weak emission aroundoki similar to our spectrum of
4U 0614+09 (except of course for thexH We obtained four 600B
and one 600RI spectra for this object. In Hif). 8 we show the nor
malised, averaged VLT spectrum of 4U 1556-60 which shows a
classical low-mass X-ray binary spectrum with strong Ballimes
(4101, 4340, 4961 and 6563’5) and lines from He (4686 (very
strong), 5411 and 667@). The equivalent width of the H line

is 7.8A and its FWHM is 540 km s'. There is also strong emis-
sion at the Bowen blend, a C and N complex around Aottt

is driven by He fluorescence. This system thus probably isanot
UCXB, suggesting that the “Ne feature” is not a unique propef
UCXBs.

3.5 4U 1822-00

The optical counterpart of 4U 1822-000 is a V=22 object
(Chevalier & llovaiskyl 1985). Due to its relatively high Gatic
latitude (b=5.8 degrees) the extinction towards the soigdew.
Even for a distance of 20 kpc, the absolute magnitude woukithe
Such a faint absolute magnitude suggests a short orbitai)dre-
cause the optical emission originates in an irradiatedfdisehich
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Table 2. Overview of some properties of UCXB (candidates). Data from
Nelemans & Jonke( (2006) and references therein.

Name Period  Persistent/  Spec
(min) Transient

4U 1543-624 18(?) P CIO

XTE J1807-294 40 T -

4U 1626-67 42 P ClOo

XTEJ1751-305 42 T -

XTE J0929-314 44 T ClO?

4U 1916-05 50 P He/N

4U 0614+09 50? P C/O

2S 0918-549 ? P He?

4U 1822-00 ? P ?

XB 1905+000 ? T -

the brightness depends mainly on iz of the disc, which scales
with the orbital periodi(van Paradijs & McClintock 1994). \&e-
tained three 600B and four 600RI spectra, but due to therfaast

of 4U 1822-00 its spectrum is of low quality. However, justath

2S 0918-549[(Nelemans ef al. 2004), the spectrum does nat sho
hydrogen or helium lines, making it clearly different frohetspec-

tra of hydrogen rich systems. Provisionally we classifg thistem

as an UCXB, but with the current results not more can be saidtab
the nature of the donor.

3.6 XB 1905+00

With an optical counterpart of V=20.5 and distance~&kpc, i.e.
Mv= 4.9 [Chevalier & llovaisky 1985), this source is again at th
faint end of the absolute magnitude distribution and thusadg
candidate. The spectrum of XB 1905+00 shows the standard fea
tures of an early G star. As already discussed in Nelemansikeo
(2005), this puzzling result is possibly due to a chancenatignt.
The acquisition image of the object obtained with a seein@.6f
arcsec suggest the source actually is a blend of two objaats-
tailed discussion of recent X-ray and optical observatmurggests
that the optical counterpart has faded beyond detectiomeitider
of the objects is the actual counterpart (Jonker et al.|2006)

4 DISCUSSION

We have, by now, collected spectra of seven UCXB (candijlates
the field, which we listin TablEl2. We also list the chemicahpm-
sition we have derived from these spectra. We obtained thteofir

tical spectrum of a He transferring UCXB, XB 1916-05. Howeve
the spectrum does not look at all like we had anticipatedwiith
strong helium emission lines, like the spectra of AM CVnstas

Cet and GP Com (e.g.Warner & Woudt 2002; Morales-Ruedd et al.
2003). This means that really high S/N spectra are needeet¢o-d
mine the chemical composition of the donors and that ourloenc
sion in|Nelemans et All (2004) that 2S 0918-549 most likely ha
a C/O donor due to the lack of strong helium emission lines was
premature. Indeed, in’t Zand efl gl. (2005) suggest a helianmod

is more likely because of the properties of its X-ray burktdoes
show, however, that if there is He in the disc, it shows up & th
lines, so we are rather confident that our earlier conclesadout

the existence of pure C/O discs still hold. Indeed from th& LT
models, but also from recent efforts modelling NLTE disccirze
(Werner et all. 2004, 2006) it is unlikely that H or He are hidde
these C/O discs.

In summary we have obtained spectra of 7 UCXB (candidates)
and have found 3 cases of a C/O donor (plus one, possiblypfone
a He/N donor (plus one, possibly), and two cases where weptann
determine the chemical composition. Before turning to tierpre-
tation of these results we discuss some caveats in the desgiom
of these compositions.

4.1 LTE modelling

Our chemical composition results are based on modellindghef t
accretion disc as very simple, single temperature, homames)
slabs of material for which we calculate the LTE spectrunrek
life these accretion discs are likely multi-temperaturd &iL.TE
effects almost certainly are important. Even worse, thasesd
are irradiated by the strong X-ray emission originatinguacbthe
neutron star. Therefore it is surprising that the LTE models
produce the observed spectra reasonably well. Indeed;acprio
what one would expect for these strongly irradiated disessee
remarkably little evidence for highly ionised species of the-
ments which would be produced by photo-ionisation. Regeaftl
forts have started to produce more realistic, NLTE speatiadels
of UCXBs (Werner et el. 2004, 2006). Unfortunately, the eatr
models, although reproducing the observed spectra diisditado
not provide gquantitative results as it currently is not jassto fit
all observed features simultaneously, either due to indetapess
in the radiation transfer physics or in the accretion digcspts. Un-
til these discrepancies are resolved, we have to live wighiicant
uncertainties in the derived chemical compositions.

4.2 Formation of UCXBs and their Galactic population

The main aim of this investigation is to use the determineshdhbal
composition of the donor stars in UCXBs to constrain the idss
formation channels and to come to a better understandinfeof t
evolution of ultra-compact binaries and their Galacticylafion.

For a detailed discussion of the formation of ultra-coméct
naries in the field we refer 1o_Nelson el al. (1986); Nelemarad| e
(2001);Podsiadlowski et al. (20002) and references theheishort
there are three routes, differentiated by the nature of threod
star: (i) a white dwarf donor when a detached binary with atevhi
dwarf and a compact object comes into contact due to angular
momentum losses via gravitational-wave radiation; (ii)san(i-
degenerate) helium star donor that evolved from a heliune cor
burning star that filled its Roche lobe to a compact object and
(iii) the core of a star that filled its Roche lobe to a compaut o
ject at the end of the main sequence and thus has a helium rich
core (see alsb_van der Sluys etlal. 2005). In globular clsistes
formation of X-ray binaries is probably dominated by dyneahi
interactions (see_Verblint 2005). Based on the inferred mnass-
fer rated of 4U 1626-67 and 4U 1916-05 Nelson étial. (1986) sug
gested evolved secondaries as donors in these systems.

These different formation scenarios result in principlelifa
ferent chemical compositions which is one of the reason®tior
study, but there is some overlap. The three formation seenaill
yield the following chemical composition:

e White dwarf donors: depending on the nature of the white
dwarf the transferred material will be mainly He with CNO pro
cessed (i.e. mainly N) material for a He-core white dwarfa @/O
mixture in case the donor is a C/O-core white dwarf.
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e Helium star donor: He with little N, plus possibly helium bur
ing products (i.e. C and O) depending on the amount of helium
burning that has taken place before the donors fills its R &uibe

e Evolved secondaries: He plus CNO processed material and,

depending on the exact evolutionary history and the phasbeof
evolution, some H.

In this light we can interpret the observed UCXBs. The possi-
ble presence of H in the peak spectrum of XTE J0929-314 is very
important as only the third formation scenario can comfuoeax-
plain this. White dwarfs and helium stars do have a thin H kepe
before they fill their Roche lobes, but this is typically esfesl to be
at most 0.0IM, (likely less, but rather uncertain if the preceding
evolution was through a common-envelope phase) and thuklwou
only produce H in the very early phase of the mass transfégsan
it is mixed efficiently with the rest of the star which certgiror
white dwarfs is not expected.

Apart maybe from XTE J0929-314 all observed spectra seem
to be consistent with white dwarf donors, at odds with the-con
clusions of Nelson et al. (1986) and indeed with the infermeds-
transfer ratedf these represent the average mass-transfer rate over
an astronomical timescale. In particular for the C/O spectra, where
there is no hint of He, C/O white dwarf donors seem the only op-
tion. This is important, because according to this fornratieannel
the systems first evolve to very short orbital periods (ofvarign.)
and then start mass transfer and evolve to longer periodis. adee
progenitors of the C/O donor systems are thus very strong-gra
tational wave sources for LISA (elg. Nelemians 2003). Thevkno
UCXBs might already be guaranteed sources for LISA and tbus b
used as verification sources for the instrument (see Phi26@;
Nelemans 2005). However, for many of the systems the onbétal
riods still have to be determined. This should thereforesteafiigh
priority.

A second ingredient that will become very important in disen
tangling the formation of UCXBs is the relative number of C/O
vs He systems. Although for He systems the formation channel
is uncertain, it is interesting to determine this ratio. Ftance,
it is telling that the fact that currently the majority of theys-
tems with known chemical composition have C/O donors, while
in the very related family of AM CVn stars (ultra-compact &in
ries which have white dwarf instead of neutron star accsetsee
Nelemans 2005, for a recent review) only He donors are known.
Based on the stability of mass transfer at the very shorbdsionly
low-mass donors are expected to be present (e.g. Nelemahs et
2001 Yungelson et 8l. 2002) which would preferentiallyeseHe
donors| Belczynski & Taam (2004) simulated the Galacticutep
tion of UCXBs and predict 60 per cent of the donors to be He rich
Apparently in UCXBs there is an evolutionary or an obseorai
bias towards C/O donors. Only better statistics can tele Gfithe
important tools here will be optical spectroscopy of UCXBnir
sients when they are in outburst.

Another important aspect of UCXBs is the distribution of-per
sistent vs transient systems (see Thble 2). Evolutiondcyledions
combined with disc instability models predicts that for UBs¢hat
have (semi) degenerate donors systems with periods lohger t
about 30 min are transient, while shorter period systemspare
sistent X-ray sources (see_Deloye & Bildsien 2003). It igadly
clear that the observed systems do not follow this predictibor
3 persistent systems have periods above 30 min), suggestireg
incompleteness in the disc instability model or a diffefentnation
channel, which produces higher mass transfer rates at leggds.

We note however, that the classical division between tesmsind
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persistent sources is beginning to be complicated by sysserch
as XB 1905+00 which after 11 years of “persistent” emissiaa h
returned to quiescence.

All UCXBs in the field for which we know the orbital period
have periods between 40 and 50 min, except perhaps 4U 1543-62
On evolutionary grounds most systems are expected at lofig pe
ods (e.gl.Deloye & Bildstén 2003), but the mass transfesrate
also lower, making them fainter. In addition, the transieature
of longer period systems might make them easier to find., 8i#l
period distribution of UCXBs looks quite different from théstri-
bution of periods in AM CVn systems, where 11 out of the 13 sys-
tems with known periods have periods below 40 min (see Nalema
2005;| Woudt et al. 200%; Anderson eflal. 2005). However, the e
pected total active population of UCXBs in the field is smaliy
Belczynski & Taairl 2004), so small number statistics may domi
nate this discussion.

Finally, when it will be possible to obtain high quality spec
and obtain detailed, quantitative chemical compositidithe ac-
cretion disc through reliable spectral modelling we cantbese to
study the interior composition of the donor stars at difftghases
in their evolution which will open a new era in the study ofliste
structure.

5 CONCLUSIONS

We have presented optical spectroscopy of (candidate) WGXHA
conclude that with the current (lack of) understanding efspec-

tra of hydrogen-poor accretion disc spectra we cannot maka-q
titative statements about the detailed chemical abundaofcthe
donors stars in UCXBs, only determine the global chemicat-co
position. We have obtained the first optical spectrum of a éte-d
inated disc in an UCXB, XB 1916-05, implying a He-rich donor
in this system. A simple LTE model suggests that the N aburelan
in this systems is strongly enhanced. We furthermore cortfien
C/O nature of the donor stars in 4U 0614+09 and 4U 1626-67,
and suggest the donor in XTE J0929-314 is a C/O white dwarf as
well. Within the current sample the majority of the donors &0

rich. This suggests that in UCXBs there is an evolutionarplmr
servational bias towards C/O donors. Phase resolved speopy

of 4U 0614+09 does not reveal a clear periodicity, althougdre
seem to be line variations at short time scales. We did netctiet
the optical counterpart of XB 1905+00 and found that the and
date UCXB 4U 1556-60 shows strong H emission and thus is not
an UCXB but an ordinary low-mass X-ray binary.
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