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All truths are easy to understand

once they are discovered,;

the point is to discover them.
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CHAPTER1

INTRODUCTION

1.1 Compact binary evolution

In the year 1617 Benedetto Castelli was the first to observeaaybgiar with a telescope. He
was able to resolve two of the components in the Mizar systeday, we know that- 30 %
are not born as single stars but are rather born in binary tifpteusystems (Lada, 2006). The
most important parameters that determine the evolutiomeftévo components in a binary
system, and the system as a binary itself, are the two compamesses and the orbital period.
Binaries show a wide range of component masses and orbitadger Most binaries have
orbital periods so long that the evolution of each stellanponent will proceed independently
from its companion, and in a similar way to single star evohyti.e. the components will
never interact.

If the initial period of the system is short enough.{, < 30yr) both components can
come into contact (Eggleton, 2006). An important proceswhigh stars can transfer mass in
a binary system is Roche lobe overflow (RLOF). The Roche lobeeisaion around a star in
a binary system where material is gravitationally boundchett star. The gravitational Roche
potential, shown in Fig. 1.1, is the effective potential in@rotating frame that includes the
gravitational potential of the two stars and the centrifdgece which acts on a test particle
moving in the potential (e.g. Kopal, 1959). If the radius néstar exceeds its Roche lobe due
to expansion or if the Roche lobe becomes smaller than thegaflthe star due to a decreasing
orbital separation, mass will flow to the other star througd inner Lagrangian point. The
inner Lagrangian point is defined as the point between thesteus where a test particle feels
no net force in a co-rotating frame. RLOF can occur stably atalsly depending on the
mass ratio of the system and the structure of the stars. eStadés transfer occurs when the
donor can stay inside its Roche lobe and remain in thermalileduim, e.g. when the Roche
lobe expansion/contraction because of the changing massarad the expansion/contraction
of the star (upon mass loss or due to nuclear evolution) idleriarger than the Roche lobe
expansion/contraction. If the mass ragio= J]‘f—ﬁ > 1.2, where M, is the Roche lobe filling
star, RLOF is unstable (Han et al., 2002b). Dynamically usistenass transfer occurs when
the donor is not able to keep its radius smaller than its Radbe I[The runaway mass transfer
will produce an envelope surrounding the two stars: a sie¢abmmon envelope. Both stellar

1



2 Chapter 1. Introduction

Figure 1.1: A 3-D representation of a dimensionless Roche potential in the co-rotatingeffor a
binary with a mass ratio of components= 2. Courtesy Martin Heemskerk

cores move inside the common envelope, and orbital enemgpesited in the envelope due
to friction, which causes the orbit to shrink significantlydaeventually expel the envelope
(Paczynski, 1976; Ivanova et al., 2013).

Compact binaries are binary systems where the evolutioreatdimponents is affected by
the transfer of matter between them (Patski, 1971). A schematic overview of the evolution-
ary paths discussed in the following sections is shown inER) The following discussion is
based on, e.g. Padzgki (1971), Eggleton (2006) and Postnov & Yungelson (20Td)¥orm a
compact binary, two main sequence stars with different essgolve in a binary system. The
more massive star evolves faster, reaches the red giardg pirssnd fills its Roche lobe. If the
mass transfer onto the companion is dynamically unstabtevarmn envelope is formed. In
the simplest description, the common envelope phase Ieanesh closer binary with an or-
bital period typically betweern-0.1 and a few days. If the mass transfer is dynamically stable
no common envelope is formed and the companion will slowtyete material from the more
massive star. The loss of angular momentum is less effextngared to a common envelope,
and the system ends up with a period of hundreds of days. Howewr understanding of the
onset of instability, of the development and outcome of aroom envelope, and even of the
amount of loss go mass and angular momentum during stable Rt&d# subject to large un-
certainty, and thus our understanding of the formation ofgact binaries is limited as well.
If the core of the evolved star is degenerate a helium whitarflis formed directly. If the
envelope is removed of a star which has a non-degeneratgetieereentral burning in the core
continues and a helium star is formed which will further &eolo become a carbon/oxygen
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(C/O) white dwarf. The companion is still a main sequence star

If the more massive star fills its Roche lobe on the asymptaaatgoranch, the mass
transfer onto the companion is unstable and a common ereé&dprmed. The core of the
evolved star has already turned into a C/O white dwarf. Theslte in a system containing a
C/O white dwarf with a main sequence star companion in an betweern~0.1 andl10 days.

When the less massive star evolves to become a red giant, rrdsgicase of mass transfer
will remove the envelope and shrink the orbit which can leeskparations less than the radius
of the sun. Depending on whether the core of the secondamsgisretrate or non-degenerate,
the system ends up as a double degenerate binary or a whité-tlWwalium star binary in a
close orbit.

We are now left with a compact double white dwarf or a heliuar stwhite dwarf system
in a compact binary with an orbital period of up to a few daye Tollowing evolution is
governed by the loss of angular momentum due to the radiafigravitational waves, which
decreases the orbit. The loss of angular momentiin)(can be calculated as follows, with
being the orbital separation of the stars ddd= M; + M, being the total mass of the system
and M, and M, the masses of the two stars ang, the initial orbital angular momentum:

3
Jor = _§G_5M42]Wl]orb (1.1)
C a

If the orbital period after the last common envelope phasmig a few hours the orbital
shrinkage due to the radiation of gravitational waves wiih) both components into contact
within a time span shorter than a Hubble time (equation 9 sxifeski, 1967 with)M; and M,
in M, andP,,;, in sec):

(M + M2)1/3 8/3

To(years) = 3.22 - 10~° VI, e

(1.2)

Once the larger of the stellar remnants fills its Roche lobessnis transferred onto the
primary (accretor). The larger of the stellar remnantstisegithe lower mass white dwarf in a
double white dwarf system or the helium star in a helium stahite dwarf system. Depending
on the structure of the donor star, mass transfer startdfatetit periods (Nelemans, 2005).
A helium white dwarf donor stars fill its Roche lobe at an ordgitariod of 3-5 min whereas a
helium star donor will start transferring mass at an orlp&iod above ten minutes. If some
hydrogen is left in the donor the star will fill its Roche lobeaat orbital period larger than
20 min (Nelemans, 2005). For the most compact systefys (S 10 min) the mass transfer
stream hits the accretor directly. This is called the dineqtact phase.

Nelemans et al. (2001a) found that the fraction of compagbtiowhite dwarfs that survive
the direct impact phase and continue their evolution as AM &¥rs is only 0.2%, assuming
an absence of an effective coupling between the accretoasyi the orbital motion. However,
the survival rate will increase up to 21% in the case of eifectpin-orbit coupling (Nelemans
et al., 2001a). In the systems that do not form AM CVn starspthé will shrink further. Ei-
ther the system merges to become an R CrB star if the core tesgor forms a massive white
dwarf if the core does not reignite, or explodes as a superiaoN the total mass exceeds the
Chandrashekar mass b#t M. For double white dwarf systems, commonly in the literature
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(super)giant + main sequence (MS) star

stable roche lobe overflow (RLOF) unstable RLOF: common envelope phase

N

He-star + MS star

evolved MS donor \ /
AM CVn star C/O white dwarf (WD) + MS star

°*°<—o¢0

unstable RLOF: common envelope phase

¥ N

white dwarf + He-star double white dwarf
o O o o
He-star donor Type ¢ R CrB star  He-WD donor
AM CVn star [a supernova C/O WD AM CVn star

Figure 1.2: Formation of compact binaries.
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Figure 1.3: The upper dashed line shows the dynamical stability limit 2/3, while the lower dashed
line assumes no feedback of the angular momentum of the accreted matemabtbithThe solid line

shows the transition between disc and direct impact accretion. The thiteel ines show how the
strict stability limit is relaxed when dissipative torques feed angular momentumtfre accretor back
to the orbit. The three lines are labelled by the synchronisation timesgalen(years. Taken from
Marsh et al. (2004).

a system with a mass ratio= M, /M; < 2/3, M; being the mass of the accretor, is assumed
to form an AM CVn type system. Systems with larger mass ratitiswerge. This criterion
holds if the angular momentum in the spin of the binary congpd® is neglected and all the
angular momentum contained in the mass transfer streartuisiegl to the orbit by tides.

Marsh et al. (2004) and Gokhale et al. (2007) studied the&dfiecoupling of the accretor’s
and donor’s spin to the orbit. They found that a strong cawgpand therefore a strong feed
back of angular momentum to the orbit can destabilize systeith mass ratios lower than
2/3. The rate of change in orbital separation can be written lésAfs:

a Jor | kiM\R} ko M,R3 M,
R FaMoly :
2a  Job + 71 Jorb w1t Todor, wz — | q (14 q)rn] —Mla

with kM, R? andk, M, R3 being the moment of inertia of the accretor and the donoy star
being the synchronization timescales for the stars,@and= € » — Q.1 Deing the spin
difference between the star(s) and the orhjt= R, /a, whereR,, is the radius of an orbit
around the accretor which has the same angular momentune astisferred mass. The first
term is always negative and describes the loss of angularemtuimm due to gravitational wave
radiation (Eq. 1.1). The second and the third term deschbalissipative coupling between

(1.3)
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Figure 1.4: Sketch of a Hertzsprung-Russell diagram highlighting the position of Utadwsarf (sdB
and sdO) stars and the extreme horizontal branch (EHB) located to thentefielow the hot end of
the main sequence but above the white dwarf cooling sequence. The EHdBarted from the blue
horizontal branch (BHB). Taken from (Heber, 2009).

the accretor/donor and the orbit. The terms are positiveeifaccretor/donor spins faster than
the orbit (»; » > 0). The last term can make the mass transfer unstable, beitaizselead
to a runaway where mass transfer causes the separationremdecwhich in turn causes the
mass-transfer rate to increase. Marsh et al. (2004) showagdhe critical parameter is the
synchronisation timescaley(. The shorter this timscale is, the higher is the survived &t
the direct impact phase, which means that more systemswileto become AM CVn type
systems and prevent the merger (Fig. 1.3).

1.2 Hot subdwarf stars

Humason & Zwicky (1947) conducted the first survey for failiebstars in the Northern
hemisphere. The Hale telescope on Mount Palomar was usexpéatroscopic follow-up
where the first hot subdwarf star (HZ 44) was discovered (&tee, 1954). Hot subdwarf B
stars have little in common with traditional subdwarfs. ¥ haee defined as being less luminous
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than main-sequence stars of similar spectral type and i@eil between the main sequence
and the white-dwarf sequence in the Hertzsprung-Russalifdim. On the main sequence
stars fuse hydrogen in their cores. Once hydrogen is depietie core, stars evolve off the
main sequence towards lower surface temperatures. Hotwsub8 stars have evolved far
beyond the main sequence (see Fig. 1.4). Therefore thesedstaot fuse hydrogen in their
cores.

It has been found that hot subdwarf B stars (sdBs) are conerhdlising stars with masses
around(0.5 M. and thin hydrogen envelopes (Heber, 1986; for a recentwesee Heber,
2009). Usually core-helium burning stars have also a hyelndgurning layer above the core
(so called horizontal branch stars). Once the helium is estiea, these stars evolve up the
asymptotic giant branch when they have two shell burningnsy However, the structure
of hot subdwarf stars is distinctively different from ordny horizontal-branch stars, because
their hydrogen envelopes are too thif{eiope < 0.005 M) to sustain hydrogen shell burn-
ing, which means that they evolve directly to the white dwabling sequence and avoid
the asymptotic giant branch. The question is how the praogenan remove all but a tiny
fraction of the hydrogen envelope at about the same timeeakdlium core has attained the
mass (.5 M) required for the He flash, which is a phase of unstable hebuming under
degenerate conditions, happening when the star is at tioé tiye red-giant branch.

Already more than 40 years ago Mengel et al. (1976) showedthary interaction can
cause strong mass loss. Indeed, Maxted et al. (2001) foactout two-thirds of the sdBs
are members of short period binaries with periods belol® days (Maxted et al., 2001). More
recent investigations indicate that half of the sdBs residguich close binaries (Napiwotzki
et al., 2004a; Copperwheat et al., 2011) which is still a vegh liraction. This shows that
binary interaction must play an important role in the preagfsformation and evolution of hot
subdwarf stars. Han et al. (2002a) and Han et al. (2003) stsdifferent formation channels
to form compact hot subdwarf binaries in detail. In all sce® the sdB progenitor fills its
Roche lobe close to the tip of the red giant branch. Mass &amsin either be unstable or
stable. Fig.1.5 shows a schematic overview of the evolatippaths to form compact sdB
binaries.

Unstable mass transfer leads to a common envelope and &ispitgpically leaving a
compact binary containing an sdB with main sequence coropatable mass transfer leads
to a stable Roche lobe overflow resulting in an sdB or white fdwaéth a main sequence
companion with an orbital period up to 2000 days. In a secdras@ of mass transfer, which
is unstable, the companion to the sdB progenitor has alreadgd into a white dwarf. This
results, after the common envelope is ejected, in a compatdre containing an sdB with a
white dwarf (WD) companion.

Fontaine et al. (2012) derived the average sdB mass obgsrathy. They collected sdB
masses of a sample of 22 sdBs (15 derived from asteroseisynataly7 from resolved bi-
naries), and found a sharp peak ai;M = 0.47My. The result is consistent with calcu-
lations done with binary population synthesis codes. Haal.e2003) discussed the sdB
mass distribution formed via different phases of mass teang hey found a sharp peak at
Mg = 0.46 M, for sdBs formed after a common envelope phase.
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(super)giant + main sequence (MS) star

O
® 3

stable Roche lobe overflow (RLOF) unstable RLOF: common envelope phase
(mass ratio < 1.2) (mass ratio > 1.2)

'

- wide binary: white dwarf + main sequence star

- unstable RLOF: common envelope phase

:

- short period sdB with white dwarf companion - short period sdB with main sequence companion

Figure 1.5: Evolutionary channels for the production of compact sdB binaries with velvitarf or
main sequence companion.

Several studies were undertaken to determine the orbitahpeters of subdwarf binaries
(e.g. Edelmann et al. 2005; Green et al. 2008; Morales-Ruealaz003b; Geier et al. 2011b).
The orbital periods range from 0.07 to more than 10 days wikkekk at).5-1.0 days. The num-
ber of known systems increased significantly over the lasts/® 142 compact hot subdwarf
binaries with known orbital periods and constrains on thesranction (chapter 2).

The companions to sdBs in radial-velocity-variable clogeaby systems are white dwarfs
(37%), late type main sequence stat9%) or, in three cases, brown dwarf?f). In the
remaining42% of the systems the companion type remains unclassified. ofitlee known
systems with white dwarf companion are candidates for sigvae la (Maxted et al., 2000a,;
Geier et al., 2007; Vennes et al., 2012; Geier et al., 2013nost all close sdB binaries
appear to be single-lined. Therefore, only the binary masstfon can be calculated.

The binary mass function can be derived (Eq. 1.4) from Képthird law, which depends
only on two observable quantities: the orbital periBdand the radial velocity (RV) semi-
amplitude Kq,. If the inclination of the system and the mass of one star etimary is
known, the mass of the other star can be calculated.
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P M3, sin®i _ PKSBdb.
o (Mcomp + MsdB)2 27TG
The orbital period? and the RV semi-amplitudg&., 4, can be measured from spectroscopy.
Hence, the mass of the sdB/(;z) and the companionM...,) as well as the inclination
angle: remain free parameters. Assuming a canonical mass for B\@&gs = 0.47 M, (see
Fontaine et al., 2012 and references therein) and an itidmangle: < 90°, a minimum

mass for the companion can be determined by solving the edjiation:

(1.4)

271G sin® i
WMcgomp - M(:Qomp - 2]\45(1Bj\400mp - MSQdB =0 (15)

If time resolved photometry for the short-period sdB biearis available, further con-
straints can be put even if the companion mass is inconeusihe hemisphere of a cool
low-mass main sequence companion facing the sdB is heatég tie significantly hotter
sdB star. This causes a sinusoidal variation in the lighteuMore (less) flux is emitted if
the irradiated hemisphere of the cool companion is facedrdsv(away) from the observer. If
this so-called reflection effect is detected, a compact @mgn can be excluded and a cool
companion, either a low-mass main sequence star of spggieaM or a brown dwatrf, is most
likely. However, if the light curve of the short-period sgst shows no variation, a compact
object like a WD is most likely to be the companion.

1.2.1 The MUCHFUSS project

The existence of a neutron star or black hole companion tostdi® is predicted by theory
(Podsiadlowski et al., 2003; Pfahl et al., 2003). About 1%he&f compact sdB binaries are
expected to have a neutron star companion (Yungelson & odutU#005; Nelemans, 2010).
To search for such rare systems with either massive whitefd@/wp > 1.0 M), neutron
stars or black holes the radial velocity survey MUCHFUSS (@®fle&sUnseen Companions to
Hot Faint Underluminous Stars from the Sloan Digital Skyv@yj was started (Geier et al.,
2011a).

The Sloan Digital Sky Survey (SDSS) is a multi-color imageagd spectroscopic sur-
vey using a 2.5-m wide-angle optical telescope at ApachetRobservatory (York et al.,
2000). About1100 hot subdwarf stars from SDSS were selected by colour sefeetnd
visual inspection of their spectra. Stars with high velesit(heliocentric radial velocities
> +100kms™') have been re-observed and individual SDSS spectra have daredysed.
The sample of promising targets consists of 69 objects: &2 sthow significant RV shifts
(> 30kms™!) within 0.02 - 0.07 days, while 17 stars show high RV shift€)( - 300 kms™1)
over more than one day. A detailed overview of the strateglytarget selection is given in
Geier et al. (2011a).

Up to now a total of 22 systems from the MUCHFUSS sample have ¢ileital periods
and mass functions measured. Originally designed as agptojéind the most massive com-
panions, MUCHFUSS has now discovered the least massive coomzato hot subdwarf stars:
two systems host brown dwarf companions (Gelier et al., 20%tdaffenroth et al., 2014b).
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However, no neutron star or black hole companion to a hotwalfcstar has yet been detected
unambiguously.

1.3 AMCVn type binaries

A specific type of object discussed in this thesis are the AMuGakenaticorum stars, named
after the prototype AM Canum Venaticorum (AM CVn), which is aiahle star in the con-
stellation Canum Venatici (Hunting Dog). AM CVn itself was firecognized as a blue star
by Malmquist (1936). In the first survey for faint blue starghe Northern hemisphere, done
by Humason & Zwicky (1947), AM CVn became HZ 29. The first spactrof AM CVn was
taken at the Hale telescope on Mount Palomar, and Greestdatthews (1957) recognized
a large number of Heabsorption lines and the absence of hydrogen. Smak (196G0\dred
an 18 min variability in AM CVn and suggested a binary naturehie system. Faulkner et al.
(1972) proposed an ultracompact nature of the system withgarterate helium star donor
with a mass ofM ~ 0.041 M. Although, the binary nature of AM CVn was known very
early, it took until the new millennium before the true oabiperiod 0f1028.7 s was discov-
ered (Nelemans et al., 2001b).

Fifteen years ago, fewer than 10 systems were known. Maunytd two very successful
surveys the known sample of AM CVn systems increased signtficeSixteen systems were
discovered by the Sloan Digital Sky Survey (e.g. Roelofs e28I05; Anderson et al., 2005,
2008; Rau et al., 2010; Carter et al., 2012, 2014a) and anatkien systems by the Palomar
Transient Factory (Levitan et al., 2011, 2013, 2014). Togetwith smaller scale surveys,
this quadrupled the number of known systems over the lasehsyto the 43 AM CVn type
binaries known today. An overview of the known systems iggiin Tab. 1.1.

AM CVn systems are ultracompact binaries consisting of aeuhitarf accretor and a low
mass (semi-)degenerate helium star secondary (Nelemas 2001a, see Solheim (2010)
for a recent review). The accretor is believed to be a C/O witarf with a mass around
0.5-1.0M4. The accretion disc and the accretor contribute signifigaatthe luminosity of
the system (Bildsten et al., 2006). The donor was never obdenvan AM CVn type system
with P,;, > 10min because of its low luminosity. Depending on the evohdiy history,
three different donor types are discussed in the literature

1) White dwarf: The first discussed donor type is a white dwarf (Nelemans g2@0D1a;
Tutukov & Yungelson, 1996). In this scenario the compan®a idegenerate helium white
dwarf with a mass below/, ~ 0.3 M, to prevent helium ignition in the core. The degenerate
donor increases in size upon mass loss, and therefore ttegrsissonly stable as an AM CVn
system when the Roche Lobe of the donor increases. In ordectease the Roche Lobe,
the orbit has to widen. The composition of the donor is doteidady helium with CNO
abundances according to the equilibrium of the CNO cycle.htn@NO cycle nitrogen is
enhanced and carbon and oxygen is depleted. Thereforeh &lyand N/C ratio is expected
for a helium white dwarf donor (Nelemans et al., 2010).

2) Semi-degenerate He-star:The second possible donor is a semi-degenerate helium
star (Iben & Tutukov, 1991; Nelemans et al., 2001a; Yungel2908). In this scenario the
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Figure 1.6: Model of an AM CVn type system using the system parameter found for AM (Bself
(Roelofs et al., 2006b). The donor star (teardrop-shaped) fills ith&tmbe and material leaves the
donor star though thejLpoint. The accretion stream hits the disc in the bright spot. Accretion onto the
primary white dwarf occurs through the accretion disc. Indicated is alsRadlbe potential.

companion is a helium star with a mass abdve~ 0.3 M to allow helium ignition in the
core. A non-degenerate helium star shrinks upon mass lum®ftre the Roche lobe has to
shrink to sustain accretion. In order to decrease the Rodi the orbit has to shrink. Once
the helium envelope is stripped enough, helium burningstdp and the donor star turns into
a semi-degenerate object where the evolution occurs in idasiway as for the white dwarf
donor. The minimum orbital period for a system with a sengeateerate helium star donor
is around10 min. During the helium burning phase the composition in tbee®f the donor
has changed. Helium burns into carbon and oxygen whichaseiethe carbon and oxygen
abundance. Therefore, a lower N/O and N/C ratio is expeaed Semi-degenerate donor
compared to the white dwarf donor (Nelemans et al., 2010).

3) Evolved main sequence starThe last discussed scenario is the evolved main-sequence
star donor (Podsiadlowski et al., 2003; Tutukov et al., 298his scenario needs a lot of fine
tuning. The initial orbital period of the system has to belstiat the progenitor donor star
fills its Roche lobe close to the end of the main sequence. Atabint the core of the donor
star reaches a high level of hydrogen depletion. When aocrstarts, the evolution occurs
in a similar way as for a helium star and the orbit shrinksHert Once the mass loss has
progressed into the helium rich core the donor star turres ansemi-degenerate object, the
orbit starts to widen and the evolution occurs in a similay\aa in the other two scenarios.
The system can reach a minimum orbital period-of min (Podsiadlowski et al., 2003). Most
of these systems will have some hydrogen left which can bectkd in the spectrum. Only
systems which evolved to very short periods get rid of alirthgdrogen and may look like



12 Chapter 1. Introduction

helium white dwarf donors because helium never ignited @s¢hsystems (Nelemans et al.,
2010).

The currently known population of AM CVn type binaries showfsital periods in a range
of 5.4 - 65 min. As these systems evolve from a short orbiteabdetheir mass transfer rate
decreases by several orders of magnitude as the orbit widens

The AM CVn objects can be divided into four groups:

1. P, < 10min: Ultrashort period systems where no or only a very smatt @ present,
and accretion occurs through direct impact onto the suidhtiee accretor

2. 10min< P, < 20min: High state systems with an optically thick disc withibet
spectral lines in absorption. These systems show no otteingaviour photometrically

3. 20min< P, < 40min: Variable systems that show regular photometric owtisur
when the systems switch from a low state accretion disc gpipically dominated
by helium emission lines, to a high state, where helium limeabsorption dominate
the spectrum. The outburst frequency decreases with isiciggarbital period (Levitan
et al., 2015)

4. P,;, > 40min: Low state systems with strong helium emission lineshiirtspectra.
They have optically thin accretion discs, which were thdughshow no outburst until
recently (Tsugawa & Osaki, 1997; Nelemans, 2005). Onlyntgeéhree systems with
periods well above 40 min were detected in outburst (Woudt.e2013; Kato et al.,
2014; Rixon et al., 2014)

The material leaving the donor is transferred through aftieg accretion stream towards
the accretor. The stream hits the disc in the so-calledhibsgot’. This small area of increased
luminosity on the side of the accretion disc is crucial whealgsing AM CVn type binaries.
The radial velocity changes of light emitted by this ’brigdgot’ can be detected, and the
orbital period can therefore be measured spectroscopidakbchematic view of an AM CVn
type system is shown in Fig. 1.6.

Table 1.1: Overview of the known AM CVn systems

Systent Outbursting Period Quiescence Discovery References
(min) (9) year
HM Cnc N 5.36 20.7 1999 1
V407 \Wul N 9.48 19.7 1995 2
ES Ceti N 10.3 17.1 2002 3
AM CVn N 17.1 14.2 1967 5
KIC 004547333 N 18.2 16.1 2010 4
HP Lib N 18.4 135 1994 6
PTF1J191905.19+481506.2 Y 22.5 21.5 2011 7
ASASSN-14cc Y 228 19.0 2014 35
CR Boo Y 24.5 17.4 1985 8,9

KL Dra Y 25.0 191 1998 10
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Overview of the known AM CVn systems - continued

System Outbursting Period Quiescence Discovery References
(min) (9) year
V803 Cen Y 26.6 16.9 1987 6,11, 12
PTF1J071912.13+485834.0 Y 26.8 19.4 2010 13
SDSS J092638.71+362402.4 Y 28.3 19.0 2005 14,15
CP Eri Y 28.7 20.3 1992 16
PTF1J094329.59+102957.6 Y 30.4 20.7 2011 17
V406 Hya Y 33.8 20.5 2003 18
PTF1J043517.73+002940.7 Y 34.3 22.3 2011 17
SDSS J173047.59+554518.5 N 35.2 20.1 2011 19, 20
2QZJ142701.6-012310 Y 36.6 20.3 2005 21
SDSS J124058.03-015919.2 Y 37.4 19.7 2005 22
SDSS J012940.05+384210.4 Y 37.6 19.8 2005 14, 23, 24
SDSSJ172102.48+273301.2 Y 38.1 20.1 2009 25, 26
SDSS J152509.57+360054.5 N 44.3 19.8 2009 24,25
SDSS J080449.49+161624.8 N 44.5 18.2 2009 27
SDSSJ141118.31+481257.6 N 46.0 19.4 2005 14
GP Com N 46.5 15.9 1972 28
CRTS J045020.8-093113 Y 47.3 20.5 2012 29
SDSS J090221.35+381941.9 Y 48.3 20.2 2009 25
Gaialdaae Y 48.7 185 2014 36
SDSS J120841.96+355025.2 N 52.6 18.8 2008 24, 30
SDSS J164228.06+193410.0 N 54.2 20.3 2009 24,25
SDSS J155252.48+320150.9 N 56.3 20.2 2005 31
SDSSJ113732.32+405458.3 N 59.6 19.0 2013 32
V396 Hya N 65.1 17.3 2001 33
SDSS J150551.58+065948.7 N 19.1 2013 32
CRTS J084413.6-012807 Y 20.3 2014 34
SDSS J104325.08+563258.1 Y 20.3 2012 19
PTF1J221910.09+313523.1 Y 20.6 2011 17
CRTS J074419.7+325448 Y 21.1 2014 34
PTF1J085724.27+072946.7 Y 21.8 2011 17
PTF1J163239.39+351107.3 Y 23.0 2011 17
PTF1J152310.71+184558.2 Y 235 2011 17
SDSS J204739.40+000840.1 Y 24.0 2008 31

sh superhump period
References: (1) Roelofs et al. (2010); (2) Steeghs et al. (2@8BEspaillat et al. (2005); (4) Kupfer
et al. submitted; (5) Roelofs et al. (2006b); (6) Roelofs et al. (200{))Levitan et al. (2014); (8)
Patterson et al. (1997); (9) Kato et al. (2000); (10) Wood et al. Z20Q.1) Patterson et al. (2000);
(12) Kato et al. (2004); (13) Levitan et al. (2011); (14) Andersbal (2005); (15) Copperwheat et al.
(2011); (16) Groot et al. (2001); (17) Levitan et al. (2013); (R8glofs et al. (2006a); (19) Carter et al.
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(2013); (20) Carter et al. (2014b); (21) Woudt et al. (2005)) R@elofs et al. (2005); (23) Shears et al.
(2011); (24) Kupfer et al. (2013); (25) Rau et al. (2010); (2&igasteijn, T, private communication;

(27) Roelofs et al. (2009); (28) Nather et al. (1981); (29) Woudile(2013); (30) Anderson et al.

(2008); (31) Roelofs et al. (2007c); (32) Carter et al. (201428) Ruiz et al. (2001); (34) Breedt et al.
(2014); (35) Kato et al. (2015); (36) Rixon et al. (2014)

1.4 Techniques

In this thesis, | make extensive use of phase resolved gecipy and Doppler tomography
to derive orbital periods, velocity amplitudes and phasesder to put constraints on system
parameters.

1.4.1 Phase resolved spectroscopy

Spectroscopy has been used to study stellar objects for thane200 years. William Hyde
Wollaston was the first who recognized dark features in tieetspm of the Sun. Twelve years
later Joseph von Fraunhofer rediscovered these dark hependently and mapped over 570
lines systematically, the so called Fraunhofer lines. Haréhe could not explain the origin of
these lines. It took until the year 1860 when Gustav Kirchanfl Robert Bunsen noticed that
several of the Fraunhofer lines are coincident with emissiees identified in the spectra of
heated elements. Kirchhoff (1860) correctly concludedttiradark lines in the solar spectrum
are caused by absorption of different elements in the atherspof the Sun.

Today, about 150 years later, spectroscopy is not just wselntify elements in the stars
but also to determine stellar parameters such as effeeimpdratures, surface gravity, rota-
tional velocities and surface abundances. In a binary sysfeectroscopy is a powerful tool
for determining binary parameters. The components in aypstar move around the centre of
mass of the binary and thus their observed spectral feanilidse shifted in wavelength due
to the Doppler effect. This shift will correspond to the @drelocity, the projected velocity
in the line of sight of the observer, of the star. The veloatya star can be determined by
measuring the central wavelength,,, of a line emitted by it, and comparing it to the line’s
rest wavelength...;. The measured non-relativistic velocity is then:

v = c—AObS — Arest (1.6)
Arest

From one single velocity measurement the binary paramesemsot be constrained. Sev-
eral spectra covering at least one full orbital period aredeel to measure a radial velocity
curve and obtain system parameters, such as the radiaityedoaplitude of the stars and the
orbital period. It is important that the exposure time of am#ividual spectrum does not ex-
ceed~ 1/10 of the orbital period because the spectrum will be smearedtbe orbit and the
measured velocity does not correspond to the real velothis is particularly important for

the ultracompact AM CVn type binaries because of their shdwital periods.
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Figure 1.7: Trailed spectra (top row) and maximum-entropy Doppler tomograms (bottonafdaur
Hel lines from GP Com (chapter 4).

Given the typical orbital periods in AM CVn stars, the maximexposure time is a couple
of minutes in most cases. This results in poor signal-teeoatio (SNR) individual spectra
(SNR~ 1-5). Phase resolved spectroscopy is the tool to address shis.i$lere, many short
exposures are taken consecutively covering several bordiis. Once the orbital period is
known the spectra are folded on this period which means tigaditbit is divided into several
phase bins and the spectra taken at the same orbital phase-adeled to increase the signal
to noise ratio per phase bin. If enough orbits are covereditpeal per phase bin is high
enough to show spectral signatures which can then be adailys$ell detail. The upper row
in Fig. 1.7 shows the phase folded spectra around four exahgium lines in the AM CVn
system GP Com (chapter 4).

1.4.2 Doppler tomography

Doppler tomography (Marsh & Horne, 1988) is a powerful tawliepresenting 2-dimensional
velocity fields of unresolved point sources such as compaeries. At a distance of 100 par-
sec and a typical separation of the components in an ultrpaoniinary of about 100 000 km,
the angular separation on the skyli$® arcseconds. The Hubble Space Telescope has a
angular resolution worse thdf—2 arcseconds and even the European Extremely Large Tele-
scope (E-ELT) will have a maximum angular resolution16f arcseconds, three orders of
magnitude worse than needed to resolve a close-by ultramcninary. Therefore, indirect
techniques are the only suitable tool to study the struaititkese binaries.

The stellar components revolve in a binary system arounaeén¢er of mass (Fig. 1.6),
hence a specific point in the system is redshifted when it séewards us and blueshifted
when it moves away from us during one orbit. Doppler tomogyapses this information to
reconstruct the binary system in velocity coordinates. $sion features that are stationary
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in the binary frame add up constructively in a Doppler tonaogmwvhile emission that is not
stationary in the binary frame or moves on a period diffefemrn the orbital period will be
spread out over the Doppler tomogram.

Although a Doppler tomogram does not contain more inforamatihan phase folded spec-
tra and is just a different way of showing the data comparedl @il of the phase resolved
spectroscopy, it is useful to measure velocity amplitudes @hases and to separate out fea-
tures that move with a different velocity and/or differeiiage (e.g. bright spot and central
spike). In particular, this is very important if the data agesy and the profiles show a compli-
cated structure. In such a case, Doppler tomography is t@pioto concentrate the signal of
features, and makes it possible to measure velocity ardpltand phases. Fig. 1.7 shows an
example of a trail and the corresponding Doppler tomograussially, in a trail the accretion
disc, an S-wave and a central spike is visible. The S-waveesponds to the motion of the
bright spot. The central spike is an emission feature wtsatonnected to the primary white
dwarf and has so far only been detected in AM CVn type systemshd trail two S-waves,
as well as the central spike, intersect and overlap with edtedr. In the Doppler tomograms
the signals of the two S-waves and the central spike are wpHrsited from each other, and
phases and velocity amplitudes can be measured indepgndent

1.5 Overview of the thesis

The main questions discussed in this thesis are:

1. How does the population of compact hot subdwarf binadek In different stellar pop-
ulations and how can we link them to other post-common epeetgpe binaries, such
as compact detached double degenerate systems, white-tlweaih sequence systems
and AM CVn type binaries?

2. What is the Galactic population and evolutionary histdrylttacompact AM CVn type
binaries?

In chapter 2 atmospheric and orbital parameters of 12 neseddB binaries discovered by
the MUCHFUSS project are presented in detail. This studygsrthe number of sdB binaries
with orbital periods of less than 30 days and measured massidns to 142. We present
an analysis of the minimum companion mass distribution aedotbital period distribution.
The full sample was compared to the known population of ex#lg low-mass white dwarf
binaries as well as short-period white dwarfs with main sege companions and the future
evolution of the full sample was calculated.

Chapter 3 discusses the results obtained from phase respleettoscopy of four AM CVn
type systems. Orbital periods for the four systems are eérand spectral signatures of the
individual systems are discussed. For one system a massnasi constrained. For the first
time, flux ratios for several helium lines were extractedrfrine Doppler tomograms for the
disc and bright spot region, and compared with single-sTEb inodels with variable electron
densities and path lengths to estimate the disc and brightemperature.
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In chapter 4Keplersatellite photometry obtained in short cadence mode asasgihase-
resolved spectroscopy of the ultracompact AM CVn type bir&DsS J190817.07+394036.4
is presented. The orbital period was derived. Velocity diugés and phases are obtained and
the spectral features are discussed in detail. A FouridysisaO-C diagrams and a discrete
Fourier analysis of th&epler data is presented. Models of the system were constructed to
compare the phases of the radial velocity curves and th&clighe variation.

Chapter 5 presents high- and medium-resolution UVES and 06teh phase-resolved
spectroscopy of the AM CVn type binaries GP Com and V396 Hya. seetral signatures
found in the full optical/near-infrared range covered bysKeoter is shown. Velocity ampli-
tudes of the central spikes as well as the metal emission laswt@tion lines are measured,
and from the results, system parameter are deduced. Thalcgrikes are compared to Stark
broadened synthetic models and the electron density inl#sena is determined. Rotational
velocities of the narrow emission lines are derived.

In chapter 6 medium-resolution X-Shooter spectroscopyeeés AM CVn type binaries
is presented. The spectral signatures found in the fullcafftiear-infrared range of every
individual system is shown and discussed in detail. An aeanof the different elements
detected in the X-Shooter spectra of the various systemsesepted. From the detected
elements constrains on the donor types are given.






CHAPTER 2

HOT SUBDWARF BINARIES FROM THE
MUCHFUSSPROJECT- ANALYSIS OF 12
NEW SYSTEMS AND A STUDY OF THE
SHORTPERIOD BINARY POPULATION

T. Kupfer, S. Geier, U. Heber, R. H. @stensen, B. N. Barlow, P. Méxted, C. Heuser,
V. Schaffenroth and B. T. Gansicke

A&A, 576, Ad4 (2015)

Abstract. The project Massive Unseen Companions to Hot Faint Undenlons Stars from
SDSS (MUCHFUSS) aims at finding hot subdwarf stars with massaompact companions
like massive white dwarfs\{ > 1.0 M), neutron stars, or stellar-mass black holes. The exis-
tence of such systems is predicted by binary evolution theword recent discoveries indicate
that they exist in our Galaxy.

We present orbital and atmospheric parameters and putraoriston the nature of the com-
panions of 12 close hot subdwarf B star (sdB) binaries founidarcourse of the MUCHFUSS
project. The systems show periods betwe@elnl and7.4days. In nine cases the nature of
the companions cannot be constrained unambiguously whtrese systems most likely have
white dwarf companions. We find that the companion to SDSSQW&. 17%4-475150.3 is likely

to be a rare example of a low-mass helium-core white dwarfSS0095101.28034757.0
shows an excess in the infrared that probably originatas faathird companion in a wide
orbit, which makes this system the second candidate hl@caidriple system containing an
sdB star. SDSSJ113241.5863652.8 is the first helium deficient sdO star with a confirmed
close companion.

This study brings to 142 the number of sdB binaries with atlperiods of less than 30 days
and with measured mass functions. We present an analysie afiinimum companion mass
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distribution and show that it is bimodal. One peak aro0rid, corresponds to the low-mass
main sequence (dM) and substellar companions. The oth&rgseand0.4 M, corresponds
to the white dwarf companions. The derived masses for théewdwarf companions are
significantly lower than the average mass for single cadso/gen white dwarfs. In &g
—log g diagram of sdB+dM companions, we find signs that the sdB coepsnare more
massive than the rest of the sample. The full sample was cmapa the known population
of extremely low-mass white dwarf binaries as well as speriod white dwarfs with main
sequence companions. Both samples show a significantlyetitfeompanion mass distribu-
tion indicating either different selection effects or difént evolutionary paths. We identified
16 systems where the dM companion will fill its Roche Lobe withiHubble time and will
evolve into a cataclysmic variable; two of them will have avn dwarf as donor star. Twelve
systems with confirmed white dwarf companions will mergehwita Hubble time, two of
them having a mass ratio to evolve into a stable AM CVn-typatyirand another two which
are potential supernova la progenitor systems. The rengagight systems will most likely
merge and form RCrB stars or massive C/O white dwarfs dependirtheostructure of the
white dwarf companion.

2.1 Introduction

Hot subdwarf B stars (sdBs) are hot core helium-burning stahsmasses aroun@5 M, and
thin hydrogen layers (Heber, 1986; for a recent review sdeeHe&009). It has been shown
that a large fraction of sdBs are members of short-periodigisavith periods below-10 days
(Maxted et al., 2001; Napiwotzki et al., 2004a). For suchrsheriod sdB binaries common
envelope (CE) ejection is the only likely formation chanr@he possible scenario is that two
main sequence stars (MS) evolve in a binary system. The massiuve one will evolve faster
to become a red giant. Unstable mass transfer from the red iahe companion will lead
to a CE phase. Because of the friction in this phase, the twiaustalres lose orbital energy
and angular momentum, which leads to a shrinkage of the. ofhis energy is deposited in
the envelope which will finally be ejected. If the core reactiee mass required for the core-
helium flash before the envelope is lost, a binary consigifraycore-helium burning sdB star
and a main sequence companion is formed. In another possibleario the more massive
star evolves to become a white dwarf (WD) either through a CE@ba stable mass transfer
onto the less massive companion. The less massive starsviblen to become a red giant.
Unstable mass transfer will lead to a CE and once the envedagedted the red giant remnant
starts burning helium, and a system consisting of an sdB avidD companion is formed
(Han et al., 2002a, 2003).

If the red giant loses enough mass that the remnant is noiveassough to ignite helium
the star will evolve directly to become a helium-core whiteadf. Helium-core white dwarfs
with masses below.3 M, are called extremely low-mass (ELM) white dwarfs (Brown et al
2010). According to single star evolution, ELM-WDs should eaist as the evolutionary
timescale to form them is much longer than the age of the usgveTherefore, significant
mass transfer during the evolution is needed and most of bsereed ELM-WDs indeed
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reside in close binary systems, usually with WD companionBos€é systems are formed
through the same CE-ejection process as the short-periobisdBes, except that the envelope
is ejected before the core reaches the mass required te igeiium (Brown et al., 2010).
Recent studies have increased the number of known ELM-WD4fismmtly (Brown et al.,
2013 and references therein). During their evolution thay spectroscopically appear as
sdBs. However, they have lower masses compared to heliurrbconéng sdBs. Three low-
mass sdBs, which evolve directly towards the ELM-WD phase amvk so far. All have
WD companions and lie below the Zero-Age Extreme HorizontanBh (Heber et al., 2003;
O'Toole et al., 2006; Silvotti et al., 2012). Furthermoret kle-WD progenitors in an earlier
stage of evolution have been recently found orbiting inetiate-mass main sequence stars
(EL CVn systems, Maxted et al., 2013).

Hot subdwarf binaries, as well as WDs with massive WD compamiturned out to be
good candidates for SN la progenitors. Because of gravialtiwave radiation, the orbit will
shrink further and mass transfer from the sdB onto the WD walitsonce the sdB fills its
Roche lobe. The Chandrasekhar limit might be reached eitheglirHe accretion on the WD
(e.g. Yoon & Langer, 2004 and references therein) or a sulesggnerger of the sdB+WD
system (Tutukov & Yungelson, 1981; Webbink, 1984). Two sdif wassive WD compan-
ions have been identified to be good candidates for being $hogenitors. KPD 1930+2752
has a total mass of 1.47Mexceeding the Chandrasekhar limit and will merge within abou
200 million years (Maxted et al., 2000a; Geier et al., 200ZP—30° 11223 has the short-
est known orbital period of all sdB binarieg,(;, = 0.048979 days) and is a good candidate
to explode as an underluminous helium double-detonatiola§Mennes et al., 2012; Geier
et al., 2013b). The explosion of the massive WD companionaretiipsing sdO+WD system
HD 49798 on the other hand may be triggered by stable massaraiViereghetti et al., 2009).

Neutron star (NS) or even black hole (BH) companions are prediby theory as well
(Podsiadlowski et al., 2002; Pfahl et al., 2003). In thisnse® two phases of unstable mass
transfer are needed and the NS or the BH is formed in a supeexplasion. Yungelson &
Tutukov (2005) predicted that about 0.8% of the short-pkesdBs should have NS compan-
ions. In an independent study, Nelemans (2010) showedoat 4% of these systems should
have NS companions whereas about 0.1% should have BH conmganio

However, no NS/BH companion to an sdB has yet been detectedhigaously whereas
a few candidates have been identified (Geier et al., 201@bpvi~up observations have been
conducted with radio and X-ray telescopes. Coenen et al.1{20il not detect any radio
signals of a pulsar companion at the positions of four caatdidystems from Geier et al.
(2010b). Mereghetti et al. (2011, 2014) searched for X-pywered by wind accretion onto
compact companions to sdBs using tBeift and XMM satellites, but did not detect any of
those targets.

NS+WD systems have been discovered amongst pulsars. Feetnaan2010) showed
that the peculiar system PSR J1802-2124 contains a mdiskpulsar and a low-mass C/O
WD. This system may have evolved from an sdB+NS system. Mosntlt Kaplan et al.
(2013) discovered the close companion to the pulsar PSR34810 to be a He-WD progen-
itor with atmospheric parameters close to an sdB Sfar € 16 000 K, log g = 4.9).
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Many studies have been performed to identify short-peritiilsinaries with periods from

a few hours to more than ten days. Up to now, 142 short-ped8dbénaries have measured
radial velocity curves and mass functions with a peak in #gop distribution between 0.5
to 1.0 days (e.g. Morales-Rueda et al., 2003b; Geier et al1l20Copperwheat et al., 2011).
In most cases it is hard to constrain the nature of the coropaas most sdB binaries are
single-lined systems. From the radial-velocity (RV) cuordy lower mass limits can be de-
rived. Most of the companions are either dMs or WDs. Only inva égamples could strong
constraints be put on the nature of the companion.

SdBs with main sequence companions are potential progseritatetached WD+dM bi-
naries, which possibly further evolve to become cataclgsmariables (CVs). Hence, there
should be correlations between those two types of systeran,tbough a compact WD+dM
system can be formed directly and does not necessarilyefram an sdB+dM binary. Recent
studies have increased the number of known WD+dMs significamid population studies
have been carried out (Nebot Gomez-Moran et al., 2011 aederetes therein).

In addition to the short-period sdB binaries, long perioBsdormed via stable Roche
lobe overflow have been postulated (Han et al., 2002a, 2@&ween one third and half of
sdB stars are found to show spectroscopic signature of a seguence type F/G/K compan-
ion and associated infrared excess (Reed & Stiening, 2004)awuBe of their long periods,
these systems show only small radial velocity variatiors idial velocity curves have not
been measured for years. Just recently the first systemsoviiits of several hundreds days
were discovered (Deca et al., 2012; @stensen & Van Winclkdl22\Vos et al., 2012, 2013).
Eventually, these systems will evolve to become WD+main sege binaries with periods
of hundreds of days and might experience another phase « traassfer, when the main
sequence companion turns into a red giant.

PG 1253-284, the first triple system containing an sdB with a close gamon and a
wide main sequence companion was discovered by Heber 08R). This system shows an
infrared excess caused by the wide component. However,itteea@mponent is not involved
in the formation of the sdB. The unseen close companion egbéitle envelope of the sdB
progenitor.

Here we present orbital solutions for 12 new sdB binariesadisred in the course of the
MUCHFUSS project. Sec. 2.2 describes the status of the MUCHHSject. Sec. 2.3 gives
an overview of the observations and the data reduction. €heatl orbital parameters, as well
as the atmospheric parameters of the sdBs, are described.iB.$and 2.5. In Sec. 2.6, we
determine the minimum masses and put constraints on theenaftthe unseen companions
when no light variations were detected by searching for &mared excess in a two-colour
diagram. In addition, in Sec. 2.7 we study the full populaid sdBs in close binaries, discuss
the period distributions, the companion mass distribti@s well as selection effects of the
whole sample of sdB binaries with derived mass function.. 3&compares the full sample
with the samples of known ELM-WD binaries and WD+dM binariegg&on insight in the
formation history of hot subdwarfs. Summary and conclusiare given in Sec. 2.9.
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Table 2.1: Overview of the solved binary systems.

Short name

SDSS name

Other names

J01185-00254
J03213-05384
J08233-11364
J083006-47515
J09523-62581
J095106-03475
J10215-30101
J11324-06365
J13463-28172
J15082-49405
J15222-01301
J18324-63091

SDSSJ011857.2002546.5
SDSS J032138.6D53840.0
SDSS J082332.0813641.8
SDSS J083006.1475150.3
SDSS J095238.9825818.9
SDSS J095101.2834757.0
SDSSJ102151.6801011.9
SDSSJ113241.5863652.8
SDSS J134632.6281722.7
SDSS J150829.6294050.9
SDSS J152222.12913018.3
SDSS J183249.6830910.5

PB 6373

PG 0318055
PG 0826480
PG 0948632
PG 0948041
PG 1130063
TON 168
SBSS 1566498

FBS 1832631

2.2 The MUCHFUSS project

The project Massive Unseen Companions to Hot Faint Undenlaus Stars from SDSS
(MUCHFUSS) aims at finding hot subdwarf stars with massivegachcompanions like mas-
sive white dwarfs {/ > 1.0 M), neutron stars or stellar-mass black holes. Hot subdveuns s
were selected from the Sloan Digital Sky Survey by colourésdal inspection of the spec-
tra. Objects with high radial velocity variations were s¢del as candidates for follow-up
spectroscopy to derive the radial velocity curve and thesrfiasction of the systent.

Geier et al. (2011a, 2012b) discuss the target selectioritentbllow-up strategy. A de-
tailed analysis of seven sdB binaries discovered in thesgoaf this project is presented in
Geier et al. (2011b). In addition, three eclipsing systernssewdetected, two of which host
brown-dwarf companions. These are the first confirmed brdwarf companions to sdB stars
(Geier et al., 2011d; Schaffenroth et al., 2014b). One sdBsy#flem contains a hybrid pul-
sator and shows a strong reflection effect (dstensen et(dl3)2 Results from a photometric
follow-up campaign of the MUCHFUSS targets will be describedetail in Schaffenroth et
al. (in prep). During dedicated spectroscopic MUCHFUSSofellip runs with unfavourable
weather conditions, bright sdB binary candidates werervbsigGeier et al., 2013b, 2014). A
full catalogue of all RV measurements is presented in Geiak. €2015)

1Hot subdwarfs with a large but constant radial velocity wstedied in the Hyper-MUCHFUSS project
(Tillich et al., 2011).
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Table 2.2: Summary of the follow-up observations in the course of the MUCHFUSS giroje

Date Telescope & Instrument Resolutiodf)\] Coverage [A]
2009-May-27 — 2009-May-31 CAHA-3.5m+TWIN 4000 3460 — 5630
2009-Nov-08 — 2009-Nov-12 ESO-NTT+EFOSC2 2200 4450 - 5110
2010-Feb-12 — 2010-Feb-15  SOAR+Goodman 7000 3500 - 6160
2010-Aug-02 — 2010-Aug-03  SOAR+Goodman 7000 3500 - 6160
February — July 2011 Gemini-North+GMOS-N 1200 3610 - 5000
February — July 2011 Gemini-South+GMOS-S 1200 3610 — 5000
2011-Nov-15-2011-Nov-19 CAHA-3.5m+TWIN 4000 3460 — 5630
February — July 2012 Gemini-North+GMOS-N 1200 3610 — 5000
February — July 2012 Gemini-South+GMOS-S 1200 3610 — 5000
2012-May-25 — 2012-May-27 CAHA-3.5m+TWIN 4000 3460 — 5630
2012-Jul-09 — 2012-Jul-12 ING-WHT+ISIS 4000 3440 - 5270
2012-Oct-21 — 2012-Oct-24 SOAR+Goodman 7000 3500 - 6160
2012-Dec-14 — 2012-Dec-18  ING-WHT+ISIS 4000 3440 -5270
2013-Jun-02 — 2012-Jun-05 ING-WHT+ISIS 4000 3440 -5270
2013-Aug-11 — 2013-Aug-13  ING-WHTHISIS 4000 3440 - 5270
2014-Feb-01 — 2014-Feb-05 ESO-NTT+EFOSC2 2200 4450 - 5110

2.3 Observations and data reduction

Follow-up medium resolution spectroscopy of 12 sdB birsafsee Table 2.1 for an overview)
was obtained using different instruments including the CABIBm telescope with the TWIN
spectrograph, the ESO-NTT telescope with the EFOSC2 sggapb, the SOAR telescope
with the Goodman spectrograph, the Gemini-North/Soutestepes with the GMOS-N/S
spectrographs and the William Herschel telescope (WHT) wi#éhISIS spectrograph. Ta-
ble 2.2 gives an overview of all follow-up runs and the instantal set-ups.
All spectra were corrected with an average bias frame coctst from several individual

bias frames as well as an average flat field constructed freenadlat field lamps. Reduction
was done either with thiel DAS?, | RAF® or PAVELA* andMOLL Y* packages.

2The ESO-MIDAS system provides general tools for data rédnatith emphasis on astronomical appli-
cations including imaging and special reduction package&E0 instrumentation at La Silla and the VLT at
Paranal

3IRAF is distributed by the National Optical Astronomy Obs&tories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., undeoperative agreement with the National Science
Foundation

“http:/Iwww2.warwick.ac.uk/fac/sci/physics/reseassttifo/people/marsh/software
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Figure 2.1: Radial velocity plotted against orbital phase. The RV data were phasifalith the most
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Figure 2.2: Radial velocity plotted against orbital phase (see Fig 2.1).

2.4 Orbital parameters

The radial velocities (RVs) were measured by fitting a set afh@matical functions matching
the individual line shapes to the hydrogen Balmer lines atasgdielium lines if present using
the FITSB2 routine (Napiwotzki et al., 2004b). Polynomiaksrevused to match the continua
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and a combination of Lorentzian and Gaussian functions tem@ores and wings of the lines.

The orbital parameter (orbital phagg?, periodP, system velocityy, and RV-semiamplitude
K), as well as their uncertainties and associated falsergdeobabilities g [1 %], Praise[10%)])
are determined as described in Geier et al. (2011b, 2014g¢altalate the significance of the
orbital solutions and to estimate contribution of systemaffects to the error budget, we
modified they? of the best solution by adding systematic errays., in quadrature until the
reducedy? reached~ 1.0. The phased RV curves for the best solutions are given inZig.
and 2.2, they?-values plotted against orbital period in Fig. 2.3 and Fig. 2Zr'he minimum
in x? corresponds to the most likely solution. The adopted syatienerrors and false-alarm
probabilities are given in Table 2.3. The probabilitiestttiee adopted orbital periods are
correct to within10% range from80% to > 99.99%.

2.5 Atmospheric parameters

Atmospheric parameters have been determined by fittingogpite model spectra to the hy-
drogen Balmer and helium lines in the way described in Geial. €2007). For the hydrogen-
rich and helium-poor¢g y = log(n(He)/n(H)) < —1.0) sdBs with effective temperatures be-
low 30000 K, a grid of metal line blanketed LTE atmospheres with solatatfieity was used
(Heber et al., 2000). Helium-poor sdBs and sdOBs with tempegatanging fron30 000 K

to 40 000 K were analysed using LTE models with enhanced metal linekbtarg (O'Toole

& Heber, 2006). Metal-free NLTE models were used for the bgen-rich sdO J11320636
(Stroeer et al., 2007).

Each spectrum was velocity corrected according to theairbdlution and co-added for
the atmospheric fit. To account for systematic shifts inticedi by the different instruments,
atmospheric parameters for each star were derived selyaftaten spectra taken with each
instrument. Weighted means were calculated and adoptée &isél solutions (see Table 2.7).

2.6 The nature of the unseen companion

All our objects appear to be single-lined. Therefore, ohky binary mass function can be
calculated:

P Meowpsin®i __ PK® 2.1

(Meomp + Mwap)? 271G

From spectroscopy the orbital periétand the RV semi-amplitud® can be derived. Hence,
the mass of the sdBW..p) and the companion\{...,,) as well as the inclination anglere-
main free parameters. Assuming a canonical mass for theldB = 0.47 M, (see Fontaine
et al., 2012 and references therein) and an inclinationeangt 90°, a minimum mass for
the companion can be determined. If the derived minimum @magm mass is higher than the
Chandrasekhar limit, the NS/BH nature of the companion isgmavithout further constraints

5T, corresponds to the minimum distance of the sdB star from olarSystem
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Object Ty P Y K €norm 108 Dratse[10%] 108 Pratse[1%0)]
[—2450000] [d] kms—] [kms™!] [kms™]
J083006-47515 6279.6067 & 0.0004 0.14780 4 0.00007 4994+09 T77.0x1.7 4.0 < —4.0 < —4.0
J08233+11364 6278.5729 4+ 0.0007 0.20707 =+ 0.00002 135.1+2.0 169.4+2.5 7.0 < —4.0 < —4.0
J10215-30101 6277.819 £ 0.003 0.2966 £ 0.0001 —2844+48 1145452 6.4 —-1.9 —-1.9
J095106-03475 6693.666 + 0.003 0.4159 £ 0.0007 111.1£25 84.4+4.2 2.8 —2.0 —0.8
J15222-01301 6516.632 4 0.005 0.67162 %+ 0.00003 —79.5+£27 80.1+£3.5 — —1.2 —1.2
J15082-49405 6518.395 £ 0.02 0.967164 4+ 0.000009 —60.04+10.7 93.6 £5.8 6.0 —-0.9 —-0.9
J11324-06365 4583.06 + 0.01 1.06 £ 0.02 8.3+2.2 41.1+4.0 8.6 —1.1 —0.2
J01185-00254 5882.000 £ 0.008 1.30 £ 0.02 37718 54.8+2.9 6.9 < —4.0 —-0.4
J13463+-28172 6517.99 + 0.01 1.96 £ 0.03 1.2+£1.2 85.6+£34 — —0.4 —0.3
J18324-63091 6119.58 +0.03 5.44+0.2 —-325+21 62.1+£3.3 2.7 —-0.9 —0.1
J09523-62581 5210.23 4+ 0.08 6.98 + 0.04 —354+36 62.5+34 7.8 -0.7 —0.6
J03213+05384 6280.17 + 0.05 7.4327 £ 0.0004 —16.7+2.1 39.7£28 4.7 —1.8 —1.8
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Figure 2.5: Two-colour plots oftV'—J vs. J—H for all systems in our sample with 2MASS/UKIDSS
colours, V magnitudes and low reddening (E(B-V)<0.1; light grey citd/® companion, grey circles:
dM companion, dark grey circles: unknown companion type). Most afysems show no excess from
a companion. The systems showing an infrared excess which indicates @oagpanion are named.
For comparison, 4 sdB binaries with confirmed G/K-type companions (light giangles) are shown
(Vos et al., 2012, 2013). All colours were corrected for reddening.

under the assumption that the sdB does not have a mass sgtlifiower than the canonical
mass.

All spectra were checked for contamination by a cool statanpanion. Typically, the
Mg | triplet around5170 A and the Cai triplet around’650 A are the best indicators. None of
our programme stars show obvious signs of a companion inpeetsim.

A cool companion of spectral type M1—M2 or earlier is detectable from an infrared
excess even if the spectra in the optical range are not camaéed with spectral lines from
the cool companion. Stark & Wade (2003) showed that twowgottlagrams can be used to
detect unresolved late-type stellar companions usingalatolours 8 andV’) in combination
with 2MASS colours § and K,). Reed & Stiening (2004) convolved Kurucz models with
appropriate 2MASSJ, H andK,) and B-filters and showed that companions of spectral type
M?2 and earlier would be separated from single sdBs in two-calitagrams. Green et al.
(2006, 2008) created two-colour plots fromband and 2MASS photometry/ (and H) of
single-lined and composite sdB spectra that showed a aparation between the composites
and the single-lined spectra. Hence, the presence of a oagpa&nion can be inferred by its
infrared excess.
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Table 2.4: Derived minimum masses and most probable nature of the companions.

Object f(M) Msn, Companion
[Mo]  [Mc]

J08300-47515 0.007 0.14  WD'°
J08233-11364 0.104 0.44 MS/WD
J09516-03475 0.025 0.23 MS/WD
J15222-01301 0.036 0.27  MS/WD
J10215-30101 0.046 0.30 MS/WD
J15082-49405 0.08  0.39 MS/WD
J11324-06365 0.008 0.14 MS/WD
J01185-00254 0.022 0.22 MS/WD
J13463-28172 0.13 049 WD
J18324-63091 0.13  0.50 MS/WD
J09523-62581 0.18 0.58 WD
J03213-05384 0.048 0.31 MS/WD

Ic: companion type derived from the lightcurve

We inspected each system with 2MASS/UKIF3 and H) andV band colour informa-
tion for an infrared excess to put tighter constraints ométere of the companions. Figure 2.5
shows the two-colour diagram of the whole sample for systeitis colour information and
small reddening£(B — V') < 0.1). All colours were corrected for Galactic reddening using
Table 6 withR, = 3.1 from Schlafly & Finkbeiner (2011). However, if a system does$ n
show an excess in the infrared a cool companion can be extloly when the minimum
companion mass derived from the RV-curve is higher than thesnof a stellar companion
which would cause an excess. To calculate the mass of theatoarpneeded to cause an
excess we used the following approach.

First, we calculated the distance to each system using tttenéng-corrected V magni-
tude, effective temperature and surface gravity as desgtiiitn Ramspeck et al. (2001). The
next step is to calculate the apparent magnitude in/tband for different subclasses of dMs
using the distance modulus:

m = 5logyy(d) — 5+ M, (2.2)

whered is the distance in parsec aid the absolute magnitude of the dM taken from Table
5 in Kraus & Hillenbrand (2007). The calculated apparent mitagles for each subclass in
the J band can be compared to the measufesagnitudes of each individual system. Our
assumption is that a cool companion would show up inihiand if the calculated magnitude
Is 3 sigma above the measurédhagnitude. The calculated magnitude which would be visible
in the J band can be converted to the corresponding mass of the dMTatuhe 5 in Kraus &

6for 2MASS; only colours flagged with quality A were used
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Hillenbrand (2007) using linear interpolation. If the dexd mass is lower than the minimum
companion mass derived from the RV-curve, a cool compangonbe excluded because it
would cause an excess in the infrared. In these systems aacbiwgmpanion is most likely.
If an excess is detected a cool companion is likely.

If time resolved photometry for the short-period sdB biearis available, further con-
straints can be put even if the companion mass is inconeéusihe hemisphere of a cool
low-mass main sequence companion facing the sdB is heatéd thee significantly hotter
sdB star. This causes a sinusoidal variation in the lighteeuMore (less) flux is emitted if
the irradiated hemisphere of the cool companion is facedtdsv(away) from the observer. If
this so-called reflection effect is detected, a compact @mgn can be excluded and a cool
companion either a low-mass main sequence star of spegteaaM or a brown dwarf is most
likely. However, if the light curve of the short-period sgst shows no variation, a compact
object like a WD is most likely to be the companion. Table 2vkgian overview on the most
likely companions of our sample.

2.6.1 WD companions

J09523-62581 and J1346828172 have minimum companion masses obtained from the ra-
dial velocity curve higher than dM masses which would causefaared excess. No sign of a
companion is visible in the spectrum nor in the two-coloagdam. Therefore, the companion

in both systems is most likely a WD.

2.6.2 J08306-47515 - a system with a possible ELM-WD companion

J08300-47515 is a remarkable system. The minimum companion masslysOol4 M.
Therefore, the nature of the companion cannot be consttainembiguously from spec-
troscopy. The period of the system(id4780 £ 0.00007 days. This means that a cool main
sequence companion would show a reflection effect in theé igtve. However, a 2.14 h light
curve of J0830@47515 obtained with the CAHA-2.2m telescope using BUSCA shioavs
light variation with a standard deviation 00063 on the normalised lightcurve (see Schaffen-
roth et. al in prep). The companion might therefore be an BM- However, the inclination
of the system cannot be constrained and it is still possh#é the system is seen under low
inclination. The maximum mass for an ELM-WD+4s 0.3 M. If the sdB has the canonical
mass of~ 0.47 Mg and J0830847515 is seen under an inclination angle; of 32.4° the
companion will be more massive than0.3 M, and not be a new ELM-WD companion. The
probability of finding a system with < 32.4° is ~ 15 %.

2.6.3 J11324-06365 - the first helium deficient sdO with a close compan-
ion

Stroeer et al. (2007) studied the evolutionary status ofuilwarf O stars (sdOs) and con-
cluded that the helium deficient sdOs are likely to be evobals. Indeed, evolution tracks
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Figure 2.6: Average SDSS spectrum of J0954@3475 showing evidence for weak absorption lines
(two strongest components) of the infrarediCaiplet originating very likely from a wide third com-
ponent.

by Han et al. (2002a) and Dorman et al. (1993) show that sdBseglome helium deficient
sdOs as they evolve to higher temperatures. Since a sigrtifigection of short-period sdBs
is found in compact binaries, helium deficient sdOs shoule lzasimilar binary fraction. Al-
though close companions to some helium deficient, evolv@Bscave been found (Almeida
et al., 2012; Klepp & Rauch, 2011), J113@636 is the first helium deficient highly evolved
sdO with a confirmed close companion. The minimum companiasserived from the RV-
curve is well below the mass which would cause an infrare@gxd the companion were a
dM. Therefore, the nature of the unseen companion remaicisam

2.6.4 J095106-03475 - a hierarchical triple

J09516+-03475 shows an excess in the J and H bands indicating a copksoaom (see Fig. 2.5).
In addition, a combination of 7 SDSS spectra from DR9 showswestrongest components
of the Cai triplet at around 8600 A (Fig. 2.6). Radial velocity measueeis of the hydrogen
lines confirm that 4 SDSS spectra were taken when the sdB nmthvedgh the minimum of
the radial velocity curve. This means that a close compashanld be observed in anti-phase
around its maximum velocity which is expected tobe250 kms™! depending on the mass
ratio but certainly higher than the system velocityyof 111.14+2.5kms!. Using the same 4
SDSS spectra, an average velocityef = 8616 kms~! for the calcium lines was measured
which is just slightly below the system velocity ruling outlase companion. Therefore, the
lines originate most likely from a third body in a wide orbittiva low RV amplitude. This
makes this system the second candidate for a triple systemR(® 1253-284 (Heber et al.,
2002) which is an sdB star with one companion in a close orfaltamother low-mass main se-
guence star in a wide orbit which causes the excess in the@ufrand the Ca lines. However,
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the nature of the close companion remains unclear.

2.6.5 Unconstrained companions

J18324-63091, J1522201301, J0118500254 and J0321305384 have minimum compan-
ion masses derived from the RV-curve well below the mass hwhiculd cause an infrared

excess. J1021530101, J1508249405 and J0823311364 have no reliable infrared colours.
Therefore, the nature of the unseen companion in those sgggems remains ambiguous.

2.6.6 The MUCHFUSS sample

Fig. 2.7 shows the RV semi-amplitudes of all known shorigeesdB binaries with orbital
solutions plotted against their orbital periods. The dbtigashed and solid lines mark the
regions to the right where the minimum companion masseseatefrom the binary mass
function (assuming.47 M, for the sdBs) exceed 08 M, 0.45 M and1.40 M.

The MUCHFUSS targets are marked with triangles. Most of theQWBUSS targets fall
in the region with the highest minimum companion massesctede However, the MUCH-
FUSS campaign discovered not only companions with the Bigim@sses, but also detected
the lowest-mass companions to sdBs (Geier et al., 2011d;ffSohath et al., 2014b). This
shows that our target selection is efficient to find both thetmmassive companions known to
sdB stars with periods of up to a few days and the least massimpanions with short orbital
periods of less then 3 hours. However, no NS or BH companiotées discovered yet.

2.7 The population of close hot subdwarf binaries

This study extends to 142, the sample of short-period sdBrigis that have measured mass
functions. An overview is given in Tables 2.8 and 2.9.

In the following sections a canonical sdB masgaf7r M, will be adopted. All systems
have unseen companions, but masses could only be deterfomée eclipsing ones. Hence
only a minimum companion mass could be derived for most afth&any systems were
pre-selected either from high RV variations between séwengle exposures or from light
variations such as reflection effects, ellipsoidal vamiagi and/or eclipses. Consequently, the
distribution is by no means random but biased towards higlmiation, both for RV variables
(large amplitudes preferred) and light variables (reftecteffect and/or eclipses detected).
Therefore, statistically, the derived minimum companioasses are expected to be not far
from the real companion mass.

We collected orbital and atmospheric parameters as wéfl-band and infrared photom-
etry for the full sample from the literature (see Table 2.8pmpanion types for 82 systems
were identified as described in Sec. 2.6. Thirty low-madkastar substellar companions were
identified from a reflection effect in the lightcurve. Twesthyee systems show either ellip-
soidal variation, eclipses with no additional reflectiofeef or no light variations at all. For
these systems a WD companion is most likely. Additionallysg28tems could be confirmed
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Figure 2.7: The RV semi-amplitudes of all known short-period sdB binaries with spexipis so-
lutions plotted against their orbital periods (light grey: WD companionsy:gi& companion, dark
grey: unknown companion type). The binaries from the MUCHFUSSrarage are marked with tri-
angles, binaries taken from the literature with circles. The lines mark thenggpdhe right where the
minimum companion masses derived from the binary mass function (assQrifg;, for the sdBs)
exceed certain values.

as WD companions because the minimum companion mass is higtrethe mass for a non-
degenerate companion which would cause an infrared exbksg of those show an excess
in the J and H band (Fig. 2.5). Therefore, the companions are most likelys\@®well.

Four systems show an excess in the infrared and are gooddedeslifor having a cool
companion (see Fig.2.5). Indeed, HE 0230-4323 shows a tiefieeffect and a low-mass
stellar companion is confirmed.

Some systems may actually be triple as exemplified by PG$283, a radial velocity
variable sdB with a dwarf companion which causes a stromrgriedl excess. The components
were resolved by HST imaging (Heber et al., 2002), whichaatid that the dwarf companion
is on a wide orbit. Nevertheless, RV variations of the sdB &@re observed, which must
stem from another unresolved companion on a short-peribidl. ddence PG1258284 is a
triple system. Additional evidence of multiplicity (trgg, quadruples) amongst sdB systems
has recently been reported by Barlow et al. (2014). Hencenibrghwhile to search for triples
amongst the four systems showing infrared excess. In feate s one, J0951003475, which
shows signs that the system actually may be triple (see $4.%@r a detailed discussion),
while for HE 0230-4323 and PB5333 there is no hint for a thirchpanion.

In the following we shall discuss the distribution of pesaghd companion masses, com-
pare the stars’ positions in thes — log g plane to predictions from stellar evolution models,
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Figure 2.8: Period histogram of the full sample. Light grey: WD companions, grey: dmpanion,
dark grey: unknown companion type.

and discuss selection bias.

2.7.1 Distribution of orbital periods and minimum companion masses

Fig. 2.8 shows the period distribution of the full sample.

A wide peak neat’,;, = 0.3days is found in the full sample. The majority of systems
in this group are dM companions detected from reflectioncesfen the lightcurves. Beyond
half a day the contribution from the confirmed dM companioasrdases significantly, most
likely because a reflection effect is much weaker and not gadgtect. Another peak can be
found at around.8 - 0.9 days. Most of the systems here have unidentified companjman ty
At longer periods the number of systems goes down, but indigi®n the selection effects are
stronger.

Many of the WD companions were confirmed not only by the systegigcurves but also
by the non-detection of an excess in the infrared (see S&cwhich is period independent.
Therefore, in contrast to the dM companions, we find WD companalmost over the full
period range. However, a gap ne&atays appears. We have no explanation for this but at the
same time, with the present statistics, we cannot be suré¢hibayap is real.

The distribution of the minimum masses of the companionssiglayed in Fig. 2.9.

We identify three separate populations.

1) The first population has an average minimum companion arassd).1 M, close to
the hydrogen burning limit. Most of them were identified ab&i dMs or brown dwarfs from
the observation of their reflection effect. Only four WDs wéwand in this period regime,
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Figure 2.9: Histogram of minimum companion masses (light grey: WD companions, greycaiiv
panion, dark grey: unknown companion type). Clearly visible are at temsseparated populations.
The first population peaks at aroufid M, and consists mainly of low mass main sequence compan-
ions. The second population peaks at arotidd ;, and consists mainly of WD companions. The two
high mass outliers belong to a population of massive WD companions.

which could be ELM-WDs (M:0.3 M., see Sec. 2.8.1).

2) The second population peaks arountdiM,. Our analysis showed that the majority of
this population are most likely WDs with an average minimunssnaround).4 M, lower
than the average mass of single WDs (see discussion in S&).2.9

3) The third group are the high mass WD companiabsy, > 0.7 My). Systems with
high companion masses stand out in radial velocity selesdatples as they show higher RV
variations compared to low-mass companions. However, thelgclipsing systems KPD1930
+2752 and CPD-311223 have confirmed companion masses abdvel,,. This means that
in our sample less tha¥s of the binaries with measured RV curves have such high mass WD
companions.

2.7.2 T —logg diagram

Fig. 2.10 shows th& s — log g diagram of the full sample with accurate atmospheric param-
eters. The size of the symbols represent the companion rivisst. of the stars populate the
extreme horizontal branch (EHB) band all the way down to tHeilmremain sequence while
about 10% of the sdB sample has already evolved off the EHBtdthkevolution time on the
EHB is 100 Myr, whereas post-EHB evolutionary timescales are lowea Egctor of about 10.
The theoretical tracks show a linear time-luminosity-ielawhile the star is in the EHB strip
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Figure 2.10: T, — log g diagram of the full sample of binary sdB stars (light grey: WD companions,
grey: M-dwarf companion, dark grey: unknown companion type). Sibe of the symbols corresponds
to the minimum companion mass. The helium main sequence (HeMS) and thegedftiB (ZAEHB)

are superimposed with EHB evolutionary tracks by Han et al. (2002ahédHinesie,, = 0.000 M),
dotted linesmen, = 0.001 Mg, dashed-dotted linesie,, = 0.005 M, using0.45 M models).

until it comes close to the terminal age EHB (TAEHB), whereletion starts to speed up.
Hence, we would expect a homogeneous coverage of the EHBdsaimds indeed observed.
A more detailed comparison can be made using the cumulatinmbsity function (see Lisker
et al., 2005 for details).

In the next step we concentrate on the systems for which thpanions have been clas-
sified and separate the distribution according to compatyipe, that is dMs and WDs, re-
spectively. For WD companions, the sdBs populate the full EldBdbhomogeneously with
a small fraction of sdBs having evolved off the EHB. For sdBsstaith dM companions the
ratio of post-EHB to EHB stars is similar to that for sdB+WD &yat. However, they appear
not to cover the full EHB band. There is a lack of hot, high gsasdBs close to the helium
main sequence (Fig. 2.11).

Most striking is that the width of the distribution of the sdBW systems is narrower
than that of sdB+WD ones, in particular none of the sdB starsuad close to the zero age
EHB (ZAEHB) if a sdB mass of 0.45 M is assumed. Because of the contamination of the
sdB spectrum by light from the companion, their gravitiesldchave been systematically
overestimated and their effective temperatures could haea systematically underestimated
(Schaffenroth et al., 2013), which would shift them everitfar away from the ZAEHB. The
location of the EHB band in th&.; — log g diagram depends on the adopted core mass. By
increasing it, the EHB stars become more luminous and therefie EHB band is shifted to
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Figure 2.11: T, — log g diagram of sdB stars with confirmed M-dwarf companions. The size of
the symbols corresponds to the minimum companion mass. The helium main seddeMS) and

the zero-age EHB (ZAEHB) are superimposed with EHB evolutionary srdigkHan et al. (2002a)
using0.45 Mg, (upper panel) an6.50 M, (lower panel) models. The space between black symbols
corresponds to equal times and shows that the sdB evolution speedsaithersdB reaches its lowest
gravity. Circles mark the region where the sdB star contains helium in thera#ritee core whereas
triangles mark the region where the helium in the center of the core is completelgd
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Figure 2.12: Minimum companion masses plotted against the period of the systems (lightWi2y:
companions, grey: M-dwarf companion, dark grey: unknown competyjoe).

lower gravities. This is demonstrated in Fig. 2.11 by indicgathe ZAEHB for a higher core
mass of 0.5M in addition to that of 0.45M shown in all panels. The observed distribution
of sdB stars is consistent with the 0.5MAEHB, for which the EHB evolution timescales
are shorter. Hence, adopting a higher core mass gives begtteement between observations
and evolutionary tracks.

2.7.3 Separation of the systems

The details of the common envelope (CE) phase are still paorflerstood (Ilvanova et al.,
2013). In a rather simplistic picture the orbital energy lué binary, which scales with the
mass of the companion, is deposited in the envelope. If a Magsive companion ejects
the common envelope earlier, and therefore at a wider dréit & less massive companion, a
correlation between orbital period and minimum compani@ssmwould the expected. Fig-
ure 2.12 shows the minimum companion masses plotted overetiied of the systems: how-
ever, no obvious correlation can be seen in the sample with /el as dM companions
(see Sec. 2.9.5 for further discussion).

We also note that, even if the core masses of the sdB progenviere very similar, their
total masses (core + envelope) might have been quite differaplying different energies to
expel the envelope and different final orbital separatidrigs may partially explain why we
do not see any correlation between minimum companion makerdital period in Fig. 2.12.
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Figure 2.13: Histogram of the magnitudes of the full sample. The systems selected fronD®8 S
surveys are marked in black and from the Hamburg/ESO (HE), Hambimgi8t(HS) are marked in

dark grey. The systems selected from the Palomar Green (PG), EdinBape (EC) and Kitt Peak
Downes (KPD) surveys are marked in light grey. The systems select@dsinaller scale surveys (e.g.
Feige...) are marked in white.

2.7.4 Selection effects

In order to compare the observed sample of close binary sdBspolation synthesis models
(e.g. Han et al., 2002a, 2003; Clausen et al., 2012) seleeffents have to be taken into
account. For the MUCHFUSS sample the target selection isdeélhed (Geier et al., 2011a).
However, since the 142 solved binaries studied here arediram several different samples,
it is impossible to come up with an unified description of st bias.

All the sdBs studied here were initially discovered as failebstars from multi-band
photometric survey data. However, spectral classificatashto follow and the brighter limits
of those spectroscopic observations have to be taken intuat

In the brightness distributionl{-band, Fig. 2.13) of the whole sample, we can identify
two sub-samples. One peaks arouddnag and consists of binaries mostly discovered in the
Palomar Green (PG, Green et al., 1986), Edinburgh Cape (EGieStbal., 1997), Kitt Peak
Downes (KPD, Downes, 1986) and some smaller scale survdyesfainter subsample peaks
aroundl5 mag and was selected mostly from the Hamburg/ESO (HE, Wisotzél.e1996),
the Hamburg Schmidt (HS, Hagen et al., 1995) surveys andm&SSYork et al., 2000).

For 127 binaries we calculated the z-distances from thedBalplan€ assuming a canon-

"We included near-Galactic plane objects neglecting reidderorrections as reddening is of little influence
for calculating their z-distance.
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Figure 2.14: Histogram of the spectroscopic z-distances above the Galactic plane. &kéhggstems
with a Galactic latitudéb| < 30°. Grey marked are the systems wijih > 30°.

ical sdB mass of 0.47 M (Fig. 2.14) and for 118 systems with sufficient data we caliea
also the spectroscopic distances.

Except for four distant stars (at 2 to 5 kpc above the Galaatioe) all stars lie within
2 kpc below or above the Galactic plane. Their distribut®asymmetric, with an excess of
objects in the northern Galactic hemisphere. The deficiteairGGalactic plane stars, as well
as those below the Galactic plane, is due to the insufficieptidof near-plane and southern
surveys. The most distant systems are likely to be halo atadsmay be considerably older
than the bulk. A significant fraction belongs to the thickodiwhich on average is older than
the thin disc. Because the age of the progenitor populatian isiportant ingredient for binary
population synthesis, it is crucial to assign each systeom&oof the stellar populations via an
investigation of its kinematic and thus derive age estisiate

The search for binarity of the targets has either been dompdbiometric or spectroscopic
follow-up observations. Either the star shows light vaoias indicative of a close companion
or the star RV shifts become apparent. Both discovery metimidsiuce different selection
effects.

Only 20 of the binaries in the sample have been discoveretbptedrically (see Table 2.9).
Short-period sdB stars with cool dM or BD companions show ac&tin effect and often
also eclipses. 14 binaries with periods of less thar0.4 d and a peak period df.1d have
been discovered in this way. Close sdB+WD binaries can shopseltial variations and
sometimes very shallow eclipses. Of the six binaries diseaVin this way, two have periods
of less thar).09d and one has a period 6f3d. The remaining three long-period systems
(> 3d) have been discovered by the Kepler mission, which has a rhigiter sensitivity
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Figure 2.15: Comparison of minimum companion masses of sdB binaries with confirmed WD com-
panions to the ELM-WD binaries (grey shaded area) taken from Giaseira. (2014).

than ground-based telescopes. In general, photometacts®i is clearly biased towards the
shortest-period systems at high inclinations.

The remaining 122 systems have been discovered from R\ssiifost of them from
medium-resolution spectra with an RV accuracy-of(0-20 kms~* (e.g. Maxted et al., 2001).
The binaries studied by Edelmann et al. (2005) and in theseonirthe ESO Supernova la Pro-
genitor Survey (SPY, Napiwotzki et al., 2001a; Karl et aQ08&; Geier et al., 2010a, 2011c)
have been discovered using high-resolution spectra wifR\aaccuracy better thafkm s .

To our knowledge, well-defined cuts of RV-shifts were onlgdigh the MUCHFUSS target
selection (see Geier et al., 2011a). In general, shoregaystems with high RV shifts and
therefore high inclinations are the easiest ones to soltleiiwa few nights of observations.
This introduces a selection in favour of such systems. Ihigely that a significant population
of binaries with periods longer than one day and RV semi-aog#s higher than00 km s™*
has been missed in the high-galactic latitude populatidmbdsubdwarf stars covered by the
SDSS. The missing population of close sdB binaries withqgosrifrom a few days to a few
tens of days most likely consists of systems with small RViaemplitudes and rather low-
mass companions<(0.5 My).
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Figure 2.16: Comparison of orbital periods of sdB binaries with confirmed WD companiorike
known ELM-WD binaries with orbital solutions (grey shaded area) takem {Gianninas et al. (2014).

2.8 Comparison with related binary populations

2.8.1 The population of helium-core WD binaries

The formation of helium-core WD binaries with masses).45 M, is expected to occur in
a similar way as the formation of sdB+WD binaries discussedis paper. Both systems
survive two phases of mass transfer with the second phase\tehelium-core WD/sdB is
formed being a common envelope phase. The helium-core WR¢$ratasferring mass already
when the progenitor evolves on the red giant branch (RGB) aseldo much mass that they
are not able to ignite helium in the core. The sdBs start massfer on or near the tip of the
RGB and are massive enough to ignite helium.

Orbital parameters of 55 helium-core WD binaries were seteftom Gianninas et al.
(2014). All the companions are WDs. Figure 2.15 shows the mim companion mass
histogram of the sample compared to the sdB sample. ELM coiops cover a wider range
of masses, extending to low as well as high masses and imdjcatdifferent evolutionary
path. The distribution does not show a clear separate pipulaith a peak af.4 M, like the
confirmed WD companions to sdB stars.

Figure 2.16 shows the orbital period distribution of theilmalcore WDs compared to our
sample. Between an orbital period @fi and 1.0 days both distributions look very similar.
However, below).25 days helium-core WDs are more numerous compared to the sdB+WD
systems. On the other hand at longer periods sdB+WD systenma@enumerous which
indicates that helium-core WD binaries are formed preféatyntvith shorter periods.
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Figure 2.17: Companion mass plotted against the orbital period. Grey circles mark dedvepanion

masses of known WD+dM binaries with orbital solutions taken from Zorotevial. (2011), Nebot
Gomez-Moran et al. (2011), Pyrzas et al. (2012) and Parsong204R). Black arrows mark minimum
companion masses of the known sdB+dM binaries.

2.8.2 The population of compact WD+dM systems

Compact WD+dM binaries are also the product of CE evolution andes might expect that
the properties of these binaries are similar to the sdB+dMr@s. Indeed, some WD+dM
systems may have been created as sdB stars with dM compdhairtsave since evolved to
become white dwarfs with masses clos@ ./ M.

Orbital parameters of 68 post-common envelope binariesistimg of a WD+dM were
selected from the literature (Zorotovic et al., 2011; NeBotnez-Moran et al., 2011; Pyrzas
et al., 2012; Parsons et al., 2012). The systems cannot bpacethin the same way as the
ELM-WD binaries because all WD+dM systems have confirmed companasses whereas,
for sdB+dMs, only minimum companion masses are known. Figuté shows the orbital
period vs. the companion masses of the dM companions to WDpa@u to the confirmed
dM companions to sdB stars. The plot shows dM companion mdasger tham0.2 M,
for the WD+dM systems, while the minimum masses of dM compasio sdBs peak well
below, near~ 0.1 M. To increase the companion masses of the sdB+dM systems @iBan s
mass larger than 0.2 Mthe systems have to be observed with inclination anglesab&(d.
This is not very likely as the majority of the systems weresedd from photometry by eclipses
and/or reflection effects which are hardly detectable inesys with small inclinations.

The WD+dM systems show a wide spread in orbital period whetteasnajority of the
sdB+dM systems were found with periods below days. A possible reason might be that
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WD+dM systems are usually identified spectroscopically bsedeatures of the dM dominate
the red part of the composite spectra. In contrast to thatpstl all sdB+dM systems were
identified from the reflection effect in the lightcurves. Igem period systems show much
weaker reflection effects and therefore are much hardertextle

2.9 Discussion

2.9.1 Distribution of sdB masses

Several previous studies discussed the sdB mass distriblEbntaine et al. (2012) collected
sdB masses of a sample of 22 sdBs (15 derived from asterodegymend 7 from resolved
binaries), and found a sharp peakidi;z = 0.47 M. Han et al. (2003) discussed the sdB
mass distribution formed via different phases of mass teanbkigure 12 in Han et al. (2003)
showed a sharp peak &f,;g = 0.46 M, for sdBs formed after a common envelope phase.
In our analysis of the companion mass distribution shownig Z9 we apply the as-
sumption that the sdBs have all canonical masse®¥ gf; = 0.47 M, because of the results
of previous studies (see Fontaine et al., 2012 and refesaheeein). The distribution of the
minimum companion masses (Fig. 2.9) shows two quite narreakg. If the distribution of
the sdB masses would be much more smeared out than preditied,two peaks would have
to be smeared out as well. We therefore conclude that théwidihe sdB mass distribution
is of the order of0.2 M, at most, which is consistent with the prediction from theovye
note that from our analysis we cannot claim th&i;gs = 0.47 M, is the canonical mass for
sdBs because adopting a higher (lower) average sdB mass alsolthcrease (decrease) the
companion masses but the distinct peaks in the companios aéigtsbution would persist.

2.9.2 WD companion masses

The majority of minimum companion masses of confirmed WD carges are located around
0.4 M4, which is significantly below the average mass for single s of~ 0.59 M, (e.g.
Kleinman et al., 2013). Because of projection effects aneciein biases the detection of high
inclination systems should be favoured, which means tleatérived limits should be on av-
erage close to the companion masses. Since the minimum snalsiee WD companions
are significantly smaller than the average mass of single\RI13¥; we test this hypothesis by
computing the inclination angles for all sdB+WD binaries assg that all companion WDs
have an average massmé M.

Figure 2.18 shows a comparison between the computed distribof inclination angles
and the one expected for randomly distributed inclinati@hksng into account projection ef-
fects. We do not include any selection biases, but want tiotjpeit that they would in any case
lead to even higher probabilities of seeing the systemsgdt imclinations. One can clearly
see that the inclination distribution is not consistentwiite one expected for a population of
0.6 M, C/O-WD companions. Hence, it is likely that a significant fractof the sdB binaries
host WDs of masses below M.
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Figure 2.18: Comparison of computed inclination angles of the confirmed sdB+WD systemd¢h ma
companion masses 0f6 M, to a theoretical inclination angle distribution assuming randomly dis-
tributed inclination angles.

2.9.3 Triple systems

Only one sdB system was known to be triple up to recently. Wmdoanother sdB binary,
J09516+-03475, with a third component in a wide orbit. Barlow et al.2Pstudied 15 sdB
binaries to detect long period companions. At least one wésial companion well separated
from the sdB. However, RV measurement show that the orbitabgef the system is below
10 days, indicating a close companion in addition to the widaganion.

The properties of J0953@3475 also imply that a fraction of sdB binaries showing an
excess in the infrared might be triples systems. If we assaiir® systems to be triples we
find a fraction of2.1 % in our sample. However, if the wide companion is too fainthiow an
excess in the infrared then it would be hidden in our samptethe fraction of triple systems
might be significantly higher. Some of the sdB triples mighté formed from solar type
triples. Raghavan et al. (2010) found a fractiordef 2% for solar type triples which is not in
disagreement with our findings.

2.9.4 Massive companions

Hot subdwarf + WD binaries are potential supernova la prdgenif their masses are suffi-
ciently large. However, only a very small fraction of massiWD companions< 2 %) were
detected. KPD1930+2752 and CD=3@223 are the only systems with companion masses
> 0.7Mg. This implies that only a specific evolutionary path can faueh systems. Wang
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et al. (2013) showed that a system like CD-B0223 is formed from a young stellar population
which can only be found in the Galactic disc. Indeed, CD13@223 is a confirmed member of
the Galactic disc population (Geier et al., 2013b). No NS oni&ts detected in our sample but
previous studies concentrated on high Galactic latituBesed on the non-detection of a NS
or BH in our sample with 142 systems, we find tkat).7 % of the close sdB binaries contain
a NS or BH companion which is a small fraction but still coregtwith the predictions from
binary evolution calculations (Yungelson & Tutukov, 200&lemans, 2010). We encourage
a systematic search for compact sdB binaries at low Galkttiodes.

2.9.5 Implications for the common envelope phase

A remarkable result of our analysis is that we find clearlyidet populations. The majority of
confirmed WD companions have minimum companion masses $frpagked at- 0.4 M.
This is much lower than the average mass of single WDs and teatie conclusion that the
WDs need to lose a significant amount of mass during the ewolw@ither during the first
phase of mass transfer when the WD is formed or during the comeneelope phase when
the sdB is formed. The first phase can either be stable Rockeoladrflow or also a common
envelope phase depending on the initial separation and #&s natio of the system. White
dwarf masses of 0.4 M, are on the border between a WD with a helium core and a C/O
core and a significant fraction of white dwarf companionshhlge helium-core WDs.

In comparison, ELM-WD binaries show a much wider companiossrdistribution start-
ing at very low masses up to high masses close to the Chan#leasimait. Either these
systems form in a different way or sdB binaries need a sp&¢@lcompanion mass to lose
the right amount of mass and form an sdB.

The dM companions were found to have minimum companion rsasfse 0.1 M, close
to the hydrogen burning limit. These systems have expegtione phase of mass transfer,
namely the CE phase when the sdB was formed, and are direarptog of WD+dM sys-
tems. However, in comparison with the known population of VdDksystems we find that
the main sequence companions in WD systems are significaotlg massive than the main
sequence companions in sdB systems. This shows on the oddhHaronly a small number
of WD+dM systems evolved from sdB+dM systems and on the othed tizat sdBs might
be formed preferentially by low mass main sequence companitereas WD are preferably
formed with higher mass main sequence companions. The ptissible way to form a com-
pact WD+dM system without forming an sdB first is the formatafrthe WD directly during
a CE phase when the WD progenitor evolves on the asymptotitlgianch.

In addition we found no correlation of the orbital sepanatd the sdB binaries with com-
panion mass (see Fig. 2.12) which means that the red giagépitors of the sdB must have
had different envelope masses. This could be tested, if we alde to identify systems that
had similar envelope masses prior to envelope ejectiorhisiréspect the halo population of
sdB binaries would be of great interest because they aretegto form from systems where
the sdB progenitor has a mass-of0.8 M. A detailed kinematic analysis to identify the halo
population of compact sdB binaries is crucial. The majootythe MUCHFUSS sample is
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Table 2.5: Derived times when the dM will fill its Roche Lobe and start accreting onto timegpy to

form a cataclysmic variable. The deriv@dc,, are minimum companion masses which means that
the time when the dM fills its Roche Lobe are upper limits

Object Period Mcon, Time
[days] [Mz]  [Gyr]
HS 233313927 0.172 0.174 3.44
J192059-372220 0.169 0.107 6.09
2M1533+3759 0.162 0.129 4.21
ASAS102322-3737 0.139 0.142 2.15
2M1938+4603 0.126 0.107 2.38
BULSC16335 0.122 0.158 0.95
EC10246-2707 0.119 0.115 1.70
HW Vir 0.115 0.138 0.97
HS 2234-2441 0.111 0.073 3.05
NSVS14256825 0.110 0.115 1.27
UVEX0328+5035 0.110 0.098 1.77
PG 1336-018 0.101 0.121 0.72
J082053-000843 0.096 0.067 2.22
HS 0705+6700 0.096 0.131 0.34
PG 1017086 0.073 0.066 1.01

J162256-473051 0.069 0.060 0.95

faint and therefore they might be the best candidates to Imeb®eof the halo population and

a good starting point for an extended kinematic analysifiefcdomplete sample of compact
sdB binaries.

2.9.6 Future evolution: Pre-CV vs. Merger

For systems with main sequence companions we calculaténtenthen the dM will fill its
Roche Lobe and starts accretion. As approximation for the &cadtius the Eggleton equation
was used (Eggleton, 1983), wiftbeing the mass rati@ = M omp/Msas:

B 0.49¢%/
"~ 0.6¢%3 +1In(1 + ¢'/3)

Tr (23)
We used the minimum companion mass for the dM and calculaeddrresponding radius
using Table 1 in Kaltenegger & Traub (2009) by linear intéagion. Once the companion fills
its Roche Lobe mass accretion starts and the systems becaateskysmic variable (CV). We
assumed that only gravitational wave radiation bringsaer@mponents closer. The time until
the system starts accretions was calculated from the gterial wave timescale, equation 7
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Table 2.6: Derived merger timescales of the confirmed sdB+WD systems. The devived,, are
minimum companion masses which means that the merger timescales are upper limitgtiotimes.

Object Period Mo, Time Merger
[days] [Ms] [Gyr] result

PG 0941280 0.311 0415 10.27 WD/RCrB
PG 2345-318 0.241 0.366 5.78 WD/RCrB
PG 1432-159 0.225 0.283 6.01 WD/RCrB
J113840-003531 0.208 0.415 3.49 WD/RCrB
HS 174142133 0.20 0.389 3.34 WD/RCrB
HE 1414-0309 0.192 0.366 3.16 WD/RCrB
J083006-475150 0.148 0.137 3.77 AMCVn
EC00404-4429 0.128 0.305 1.26 WD/RCrB
PG 1043-760 0.120 0.101 2.88 AMCVn
KPD1930+2752 0.095 0.903 0.23 SNila
KPD0422+5421 0.090 0.483 0.33 WD/RCrB
CD-30r11223 0.049 0.732 0.05 SNIla

from Piro (2011):

ar
dt

- _ o C5 Mtlo/t?;l P ¥ (2 4)
N 96 G5/3 MsdbMdM 2w . .

TGW:P'

Table 2.5 shows the 16 systems which will become a CV and staretng within a Hub-
ble time. J0820+0008 and J1622+4730 have confirmed browmfcwapanions (Geier
et al., 2011d; Schaffenroth et al., 2014b). Therefore atlemo systems (J0820+0008 and
J1622+4730) will have brown dwarf (BD) donor stars. The dM pamion in HS0705+6700
will fill its Roche Lobe in abouB40 Myr, beeing the first system of our sample. At this stage
the sdB is already evolved and turned into a C/O-WD. There&ré6 systems of our sample
will appear as WD+dM/BD with a low-mass compania¥ ¢, < 0.17 M) before they be-
come a CV. The currently known population of WD+dMs lacks swetrinass main sequence
companions (see Fig.2.17). However, our findings show thatrhass dM companions to
WDs should exist as well.

Merger timescales were calculated for systems of the fofida which have a confirmed
WD companion and will merge within a Hubble time using equafian Paczfski (1967):

(MsdB + MCOInp)l/3
MsdBMComp

Ty(years) = 3.22 - 107 P (2.5)

We identified 12 systems of the full sample which will mergéhivi a Hubble time. Only CD-
30011223 will merge before the sdB turns into a WD. Geier et al18) showed that this
system will most likely explode as a subluminous SN la. AHetsystems will evolve and
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turn into a C/O WD before they merge. Depending on the massttagisystems either merge
(¢ >2/3) or form an AM CVn type binaryy <2/3). For a helium-core white dwarf companion
the merger might form an RCrB star, whereas a C/O-WD companionsf@rmassive single
C/O-WD. If the system reaches the Chandrashekar mass it mighadexas a SN la (e.g.
Webbink 1984).

PG1043+760 and J0830+4751 have low minimum companion asgta mass ratio
q <2/3. The companions in those systems are most likely hetiare-white dwarfs. Both
systems are therefore good candidates to have stable rmastetrand form an AM CVn type
binary. KPD1930+2752 has a massive WD companion. The combieess is close to the
Chandrashekar limit. Thus, this is a good system to explode3s la. The other 8 systems
have mass ratiog >2/3 and therefore are potential progenitors for mergerpeDding on the
structure of the companion, the merger with a helium-corgendwarf might form an RCrB
star, whereas a C/O-WD companion might form a massive single\ZiBD

This analysis shows that the majority of sdB binaries witlitestlwarf companions will not
merge within a Hubble time and only a small number of systeave Iperiods and companion
masses to either merge, form an AM CVn type binary or explodesaagernova la.

2.10 Summary

In this paper we have presented atmospheric and orbitainedeas of 12 new close sdB bina-
ries discovered by the MUCHFUSS project. Three of them hava fikely WD companions.
We found the first helium deficient sdO with a compact compangogood candidate for an
ELM-WD companion and confirmed the second known hierarchigaé amongst the known
sdBs.

This study increases the number of hot subdwarf binarids evhital periods less than 30
days and measured mass functions to 142 systems. The campaass distribution of the
full sample shows two separate peaks. The confirmed dM/BD eaiops are concentrated
around0.1 M., whereas the majority of the WD companions peak at ar@uhi ., showing
that WDs in compact hot subdwarf binaries have significawilyelr masses than single WDs.
TheT.4 —log g diagram of the sdB+dM systems indicates that in these sydtensiBs might
have higher masses compared to the rest of the sample.

Close hot subdwarf binaries are expected to be formed in dasimay as the compact
ELM-WD binaries or the WD+dM pre-CV systems. However, both slasphow significantly
different companion mass distributions indicating eitbelection biases or differences in their
evolutionary paths.

We discussed possible implications for the common envepdese, but also found that
the progenitor stars of the sdB in our sample might have hath&r broad mass distribution.
More insights in the formation process of field sdB stars cagdined, if they can be clearly
assigned to their parent populations, either the thin diez thick disc or the Galactic halo.
Accurate distances and kinematics are crucial for such alysin. TheGAIA space mission
will provide accurate distances, luminosities and kineosaor most of the known sdB stars
and will also cover the Galactic disc region, which has beeaided by previous surveys
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because of reddening.

This data will make it possible to derive sdB masses, idgmlifferent sdB populations
and allow us to put constraints on the evolution history dwedcbommon envelope phase which
forms the sdBs in close binaries.
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2.11 Appendix

Table 2.7: Atmospheric parameters

Object Tog logg logy Instrument
[K]
J01185-00254 26700 41000 5.36 +£0.15 —3.0 SDSS
27700 £ 600 5.55+0.09 < -3.0 TWIN
28000 + 350 5.55 4+ 0.05 < —=3.0 Goodman
27900 + 600 5.55+£0.07 < -3.0 adopted
J03213-05384 30200 =+ 500 574+0.11 -—-24 SDSS
30700 £ 100 5.73+£0.02 —2.3 ISIS
31200 + 300 5.74+0.05 —2.5 Goodman
30700 =+ 500 5.74+0.06 —24+0.1 adopted
J08233-11364 31300 =+ 600 578 +£0.12 —1.9 SDSS
31100 =+ 200 578 £0.03 —2.0 ISIS
31200 + 400 5.80+0.06 —2.0 Goodman
31200 + 600 5.79+0.06 —2.0+0.1 adopted
J08306+-47515 25200 =+ 500 5.30+0.06 —-3.3+0.7 SDSS§
25400 =+ 200 545+0.02 < -3.0 ISIS
25300 + 600 5.38+0.06 < —3.0 adopted
J09516+03475 29800 =+ 300 548 +£0.04 —-284+0.3 SDS§
29800 =+ 300 548 £0.04 —2.84+0.3 adopted
J09523-62581 27800 =+ 500 5.61 £0.08 —2.6 SDSS
27600 + 200 5.56 4 0.02 —2.5 ISIS
27700 + 600 5.59+0.06 —2.6+0.1 adopted
J10215+30101 30700 = 500 5.71+£0.06 < —3.0 SDSS
30000 =+ 200 5.63+£0.02 —2.5 ISIS
30400 + 600 5.67 4+ 0.06 —2.6+0.1 adopted
J1132-0636 46400 41900 5.83 £ 0.11 —2.7 SDSS
46400 £ 500 5.94+0.03 —-3.0 ISIS
46400 1000 5.89+0.07 —2.9+0.2 adopted
J13463-28172 28000 =+ 800 538 +0.12 —2.7 SDSS
29500 + 200 5.54 4+ 0.02 —2.4 GMOS
28800 + 600 5.46 £0.07 —2.6+0.2 adopted
J15082-49405 28200 =+ 600 5.34+0.09 —-20+0.2 SDSS§
27000 £1100 5.28 +£0.19 —2.2 GMOS
29500 + 600 576 £0.10 —2.3 TWIN
29600 + 300 570 £0.05 —2.3 ISIS
29600 =+ 600 5.73+0.07 —23+0.1 adopted
J15222-01301 24800 £ 1000 5.52+0.15 —2.6+0.5 SDSS
25600 + 500 5.41+0.07 < -3.0 ISIS
25200 =+ 700 547+0.09 < -3.0 adopted
J18324-63091 26700 £+ 1100 5.26 +0.17 —2.5 SDSS
26900 =+ 200 5.32+£0.03 —2.7 ISIS
26800 + 700 529+0.09 —-2.6+0.1 adopted

1 Parameters taken from Geier et al. (2011a)
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Table 2.8: Orbital parameters of all published helium burning hot subdwarf binaries

Object Tt [K] log g Period [days] ~[kms~1'] K[kms~!] References
PG0850+170 271081000 5.3#0.10 27.815-0.005 32.2£2.8 33.5:3.3 [1,47]
EGB5 34508500 5.85:0.05 16.532:0.003 68.50.7 16.140.8 [2]
PG0919+273 32900 5.90 15.5880.00005 -68.6:0.6 41.5£0.8 [3]
PG1619+522 323061000 5.98:0.10 15.3578:0.0008 -52.5%1.1 35.2+1.1 [1,47]
KIC7668647 27686310 5.50t0.03 14.1742-0.0042 -27.41.3 38.9:1.9 [4]
CS1246 28506700 5.46+0.11 14.105-0.011 67.2:1.7 16.6:0.6 [5]
LB1516 25201100 5.410.12 10.3598:0.00005 14.31.1 48.6+1.4 [6]
PG1558-007 203361000 5.0@:0.10 10.3495:0.00006 -71.90.7 42.8£0.8 [3,48]
KIC11558725 27906500 5.410.05 10.0545:-0.0048 -66.11.4 58.11.7 [7]
PG1110+294 301081000 5.72:0.10 9.4152-0.0002 -15.20.9 58.A#1.2 [1,47]
EC20260-4757 - - 8.9520.0002 56.61.6 57.11.9 [3]
Feige108 345061000 6.010.15 8.7465%0.00001 45.80.6 50.2:1.0 [8,49]
PG0940+068 - - 8.3300.003 -16.%41.4 61.2:1.4 [9]
PHL861 30008-500 5.56:0.05 7.44:0.015 -26.5-0.4 47.9-0.4 [10]
J032138+053840 307006£500 5.74+0.06 7.432#0.0004 -16.#2.1 39.A42.8 This work
HE1448-0510 34706500 5.590.05 7.159:0.005 -45.5-0.8 53.A41.1 [10
PG1439-013 - - 7.29140.00005 -53.#1.6 50.#1.5 [3]
J095238+625818 27700600 5.590.06 6.98-0.04 -35.4:3.6 62.5-3.4 This work
PG1032+406 31660900 5.7#0.10 6.77910.0001 24.50.5 33.#0.5 [1,47]
PG0907+123 26208900 5.36t0.10 6.11636-0.00006 56.31.1 59.80.9 [1,47]
HE1115-0631 404001000 5.8@:0.10 5.8740.001 87.1%1.3 61.9:1.1 [11,50]
CD-24731 35408:500 5.96t0.05 5.85:0.003 20.@:5.0 63.0£3.0 [12,51]
PG1244+113 36300 5.54 5.75210.00009 7.40.8 54.4-1.4 [3]
PG0839+399 378G0H900 5.53t0.10 5.6222-0.0002 23.Z21.1 33.6t1.5 [1]
J183249+630910 268006+700 5.290.09 5.4-0.2 -32.5t2.1 62.143.3 This work
EC20369-1804 - - 4.50950.00004 7.21.6 51.5£2.3 [3]
TONS135 25006:1250 5.6:0.20 4.12280.0008 -3 &1l 41.4£1.5 [12,52]
PG0934+186 35800 5.65 4.050.001 7.#43.2 60.3t2.4 [3]
PB7352 25006500 5.35£0.10 3.62166-0.000005 -2.£0.3 60.8:0.3 [12,53]
KPD0025+5402 28206900 5.340.10 3.5711#0.0001 -7.80.7 40.2+1.1 [1]
KIC10553698 27423293 5.436:0.024 3.387%0.014 52.1%#1.5 64.8:2.2 [65]
PG0958-073 26106500 5.58£0.05 3.18095-0.000007 90.50.8 27.6t1.4 [3,54]
PG1253+284 - - 3.016340.000005 17.80.6 24.8+0.9 [3]
TON245 2520&:1000 5.3@:0.15 2.503:0.000 - 88.3 [1,49]
PG1300+279 29666900 5.65£0.10 2.259310.0001 -3.10.9 62.8:1.6 [1,47]
CPD-201123 235068500 4.906:0.10 2.3098-0.0003 -6.31.2 43.5+0.9 [13]
NGC188/11-91 - - 2.15 - 22.0 [14]
J134632+281722 28800+600 5.46+0.07 1.96:0.03 1.2£1.2 85.6:3.4 This work
V1093Her 274008-800 5.47#0.10 1.77732-0.000005 -3.90.8 70.8:1.0 [1,47]
PG1403+316 31200 5.75 1.73846.000001 -2.%£0.9 58.5+1.8 [3]
HD171858 27208:800 5.36t0.10 1.63288-0.000005 62.50.1 60.8:0.3 [12,53]
J002323-002953 29200+£500 5.69£0.05 1.4876:-0.0001 16.42.1 81.8:2.9 [15]
KPD2040+3955 27900 5.54 1.482860.0000004 -16.41.0 94.6t1.5 [3]
HE2150-0238 30206500 5.83t0.07 1.3210.005 -32.5-0.9 96.3t1.4 [10,55]
J011857-002546 27900600 5.55£0.07 1.36t0.02 37.#1.8 54.8t2.9 This work
UVO1735+22 38006500 5.54+0.05 1.2780.001 20.6-0.4 103.6:1.5 [12,53]
PG1512+244 299G6900 5.74:0.10 1.26978-:0.000002 -2.91.0 92.#1.5 [1,47]
PG0133+114 29666900 5.66£0.10 1.2378%#0.000003 -0.30.2 82.0t0.3 [12,1]
HE1047-0436 30206500 5.66:0.05 1.21325:0.00001 25.83.0 94.0+3.0 [16]
PG2331+038 27200 5.58 1.20496@.0000003 -9.51.1 93.5:1.9 [3]
HE1421-1206 29606500 5.550.07 1.1880.001 -86.21.1 55.5-2.0 [17,55]
J113241-063652 46400£000 5.89:0.07 1.06:0.02 8.3t2.2 41.H4.0 This work
PG1000+408 36460900 5.540.10 1.049343:0.0000005 56.63.4 63.5:3.0 [3,47]
J150829+494050 29600£600 5.730.07 0.967164:0.000009 -60.8-10.7 93.6:5.8 This work
PG1452+198 29400 5.75 0.96408.000004 -9.12.1 86.8:1.9 [3]
HS2359+1942 314668500 5.56£0.07 0.932610.00005 -96.16.0 107.4:6.8 [6,55]
PB5333 40606:500 5.96+0.10 0.92568-0.0000012 -95.31.3 22.4+-0.8 [8,54]
HE2135-3749 30006500 5.84:0.05 0.9246-0.0003 45.6:0.5 90.5:0.6 [10]
EC12408-1427 - - 0.902430.000001 -52.21.2 58.6:1.5 [3]
PG0918+029 31768900 6.03:0.10 0.876720.000002 104 41.7 80.0k2.6 [1,47]
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Table 2.8: continued.

Object Ter logg Period [days] ~v[kms~™'] K[kms~!] References
PG1116+301 325081000 5.85:0.10 0.856210.000003 -0.Z21.1 88.5-2.1 [1,47]
PG1230+052 27100 5.47 0.837173.0000003 -43.10.7 40.4t1.2 [3]
EC21556-5552 - - 0.83400.00007 31.42.0 65.0:3.4 [3]
V25790ph 23508:500 5.40£0.10 0.8292056:0.0000014 -54.160.27 70.1#0.13 [18,53]
EC13332-1424 - - 0.827240.000001 -53.21.8 104.1#3.0 [3]
TONS183 27608:500 5.43t0.05 0.827#0.00002 50.5-0.8 84.8t1.0 [12,53]
KPD2215+5037 29600 5.64 0.809146.0000002 -7.21.0 86.0t1.5 [3]
EC02200-2338 - - 0.80220.00007 20.£2.3 96.4t1.4 [3]
J150513+110836 332006£500 5.806t0.10 0.7477730.00005 -77.%21.2 97.2+1.8 [15]
PG0849+319 28966900 5.3#0.10 0.7450#0.000001 64.81.5 66.3t2.1 [1,47]
JL82 26508500 5.22+0.10 0.73716-:0.00005 -1.60.8 34.6t1.0 [12,53]
PG1248+164 26608800 5.68t0.10 0.73232-0.000002 -16.21.3 61.8£1.1 [1,47]
EC22202-1834 - - 0.704'210.000005 -5.53.9 118.6:5.8 [3]
J225638+065651 28500+500 5.64t0.05 0.7004-0.0001 -7.32.1 105.3:3.4 [15]
J152222-013018 252006+700 5.4#0.09 0.67162-0.00003 -79.52.7 80.13.5 This work
PG1648+536 31400 5.62 0.6109197.00000004 -6920.9 109.6£1.3 [3]
PG1247+554 - - 0.6027460.000006 13.80.6 32.2+1.0 [9]
PG1725+252 28966900 5.54+0.10 0.60150%0.0000003 -60.80.6 104.5-0.7 [1,47]
EC20182-6534 - - 0.598819.0000006 134%1.9 59.43.2 [3]
PG0101+039 27508500 5.53t0.07 0.569899-0.000001 7.30.2 104.#0.4 [19]
HE1059-2735 410081000 5.38:0.10 0.555624 -44F%0.6 87.#0.8 [11,50]
PG1519+640 30600 5.72 0.540291#4R0000000025 040.4 42.#0.6 [8,3]
PG0001+275 25466500 5.3@t0.10 0.529842-0.0000005 -44F0.5 92.8:0.7 [12,53]
PG1743+477 27666800 5.5#0.10 0.5155630.0000001 -65.40.8 121.4:1.0 [1]
J172624+274419 326006£500 5.84+0.05 0.50198-0.00005 -36.#4.8 118.9:3.7 [15]
HE1318-2111 363081000 5.42:0.10 0.487502-0.0000001 48.940.7 48.5+1.2 [11,50]
KUV16256+4034 23100 5.38 0.47#6.00008 -90.9-0.9 38.A41.2 [3]
GALEXJ2349+3844 23806350 5.38:0.06 0.462516-0.000005 2.681.0 87.9-2.2 [20,56]
HEO0230-4323 31108500 5.6G£0.07 0.45152-0.00002 16.61.0 62.4-1.6 [12,55]
HEQ0929-0424 295068500 5.71#0.05 0.4406-0.0002 41.41.0 114.3:1.4 [10]
Uv01419-09 - - 0.41780.00002 42.30.3 109.6:0.4 [12]
J095101+034757 29800+300 5.48:0.04 0.4152-0.0007 111.%25 84.4-4.2 This work
KPD1946+4340 34206500 5.43t0.10 0.403732:0.0000008 -5.51.0 156.6:2.0 [21,53]
V14050ri 35106800 5.66£0.11 0.398 -33.65.5 85.18.6 [6]
Feige48 29506500 5.54+0.05 0.376:-0.003 -47.90.1 28.6:0.2 [22,51]
GD687 24306500 5.32£0.07 0.37765:0.00002 32.33.0 118.3:3.4 [23,55]
PG1232-136 26906500 5.710.05 0.3636:0.0003 4.%#0.3 129.6:0.04 [12,53]
PG1101+249 29708500 5.96t0.07 0.35386-0.00006 -0.8&0.9 134.6:1.3 [24,57]
PG1438-029 277301000 5.5@0.15 0.336 - 32.1 [25,49]
PG1528+104 27200 5.46 0.380.0001 -49.31.0 53.3t1.6 [3]
PHL457 265061100 5.38:0.12 0.3128-0.0007 - 12.80.08 [26,54]
PG0941+280 29466500 5.43t0.05 0.311 73.F#4.3 141.46.3 [6]
HS2043+0615 26266500 5.28:0.07 0.3015-0.0003 -43.3-3.4 73.#4.3 [6,55]
J102151+301011 304006£600 5.640.06 0.2966-0.0001 -28.44.8 114.5:5.2 This work
KBS13 2970&:500 5.7Gt0.05 0.2923-0.0004 7.530.08 22.820.23 [27,58]
CPD-64481 27508500 5.60t0.05 0.2772630.000005 94.120.3 23.9£0.05 [26,51]
GALEXJ0321+4727 280068400 5.34£0.07 0.265856-0.000003 69.62.2 60.8:4.5 [20,56]
HEO0532-4503 25406500 5.32:0.05 0.2656-0.0001 8.5-0.1 101.5:-0.2 [10]
AADor 42000+1000  5.46:0.05 0.2614-0.0002 1.57%0.09 40.15-0.11 [28,59]
J165404+303701 24900+800 5.39£0.12 0.2535#0.00001 40.52.2 126.142.6 [15]
J012022+395059 294006+500 5.48t0.05 0.2520130.000013 -47.31.3 37.3:2.8 [44]
PG1329+159 29166900 5.62:0.10 0.249692-0.0000002 -2281.2 40.2+1.1 [1,47]
J204613-045418 3160G+500 5.54+0.08 0.2431%0.00001 87.65.7 134.37.8 [15]
PG2345+318 275081000 5.7@0.15 0.240945&0.000008 -10.61.4 141.2+1.1 [24,49]
PG1432+159 269061000 5.75:-0.15 0.2248%0.00032 -16.61.1 120.:1.4 [24,49]
BPSCS22169-0001 3938300 5.66:0.05 0.214 - 16.2 [26,53]
J113840-003531 312006£600 5.54+0.09 0.207536:0.000002 23.33.7 162.6:3.8 [15]
J082332+113641 31206600 5.79:0.06 0.2070#0.00002 135.£2.0 169.4:2.5 This work
HS1741+2133 - - 0.260.01 -112.82.7 157.6:3.4 [29]

HE1414-0309 29508500 5.56£0.07 0.192:0.004 104.£9.5 152.4:1.2 [6,55]
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Table 2.8: continued.

Object Tor logg Period [days] v[kms~™'] K[kms~!] References
HS2333+3927 365061000 5.7@0.10 0.17180230.0000009 -3142.1 89.6£3.2 [30]
J192059+372220 27500G£1000 5.4:0.1 0.168876-0.00035 16.82.0 59.#2.5 [64]
2M1533+3759 29206500 5.58t0.05 0.161770420.00000001 -345.2 71.H1.0 [31]
J083006+475150 253006£600 5.38:0.06 0.14788-0.00007 49.9-0.9 77.0£1.7 This work
ASAS102322-3737 28406500 5.6G£0.05 0.13926944/0.00000004 - 8143.0 [32]
EC00404-4429 - - 0.128340.000004 33.82.9 152.8:3.4 [3]
2M1938+4603 29608500 5.43t0.05 0.1257653%0.000000021 20:40.3 65.40.6 [33]
BULSC16335 315041800 5.7@:0.2 0.122 36.419.6 92.5:6.2 [6]
PG1043+760 27608800 5.3%0.1 0.1201506:0.00000003 2481.4 63.6:1.4 [1,47]
EC10246-2707 289@P500 5.64£0.06 0.11850799350.00000000091 - 7161.7 [34]
HWVir 28500+500 5.63t0.05 0.115-0.0008 -13.6:0.8 84.6:1.1 [35,60]
HS2231+2441 28408500 5.39%:0.05 0.1105886:0.0000005 - 4943.2 [36]
NSVS14256825 4000500 5.5@£0.05 0.1103742360.000000002 12415 73.4£2.0 [37]
UVEX0328+5035 28500 5.50 0.1104p.00011 44.90.7 64.0£1.5 [29,61]
PG1336-018 32806500 5.76:0.05 0.10101599920.00000001 -25.0 7840.6 [38,62]
J082053+000843 260001000 5.3#0.14 0.096-0.001 9.51.3 47.4:1.9 [45]
HS0705+6700 28808900 5.46t0.10 0.0956466%0.00000039 -3642.9 85.8:3.6 [39]
KPD1930+2752 35206500 5.610.06 0.095093£0.0000015 581.0 341.6:1.0 [40]
KPD0422+5421 250001500 5.4@:0.10 0.0901794£0.00000012 -574812.0 237.@8.0 [41,63]
PG1017-086 303368500 5.6140.10 0.072993&0.0000003 -9.31.3 51.6£1.7 [42]
J162256+473051 290006+£600 5.65£0.06 0.069789 -54#1.5 47.0£2.0 [46]
CD-3011223 29206400 5.66t0.05 0.048979071H£0.0000000038 16:50.3 377.6:0.4 [43]

1: Morales-Rueda et al. (2003b); 2: Geier et al. (2011c);@p@erwheat et al. (2011); 4: (Telting et al., 2014); 5: Baréd al. (2011);
6: Geier et al. (2014) 7: Telting et al. (2012); 8: Edelmannlef2004); 9: Maxted et al. (2000b); 10: Karl et al. (2006); Napiwotzki
et al. (2004a); 12: Edelmann et al. (2005); 13: Naslim et &12; 14: Green et al. (2004); 15: Geier et al. (2011b); 16piNatzki et al.
(2001b); 17: Geier et al. (2006); 18: For et al. (2006); 19ieGet al. (2008); 20: Kawka et al. (2012); 21: Bloemen et ad1@); 22:
O'Toole et al. (2004); 23: Geier et al. (2010a); 24: Moranletk099); 25: Green et al. (2005); 26: Geier et al. (20123);For et al. (2008);
28: Milller et al. (2010); 29: Kupfer et al. (2014); 30: Hebeak (2004); 31: For et al. (2010); 32: Schaffenroth et a012); 33: Pstensen
et al. (2010a); 34: Barlow et al. (2013); 35: Edelmann (2088); Jstensen et al. (2007); 37: Almeida et al. (2012); 38¢ERAviC et al.
(2007); 39: Drechsel et al. (2001); 40: Geier et al. (2001);@rosz & Wade (1999); 42: Maxted et al. (2002); 43: Geiel.&2813b); 44:
@stensen et al. (2013); 45: Geier et al. (2011d); 46: Schitffh et al. (2014b); 47: Maxted et al. (2001); 48: Heber e{26102); 49: Saffer
et al. (1994); 50: Stroeer et al. (2007); 51: O'Toole & Hel®806); 52: Heber (1986); 53: Geier et al. (2010b); 54: Geiat.2013a); 55:
Lisker et al. (2005); 56: Németh et al. (2012); 57: Edelmann.€1899); 58: @stensen et al. (2010b); 59: Klepp & Rauch (3p&0: Wood
& Saffer (1999); 61: Verbeek et al. (2012); 62: Charpinetle(2008); 63: Koen et al. (1998); 64: Schaffenroth et al.1(@4); 65: Dstensen
etal. (2014)
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Table 2.9: Photometry, spectroscopic distances and companion types

Object V [mag] J [mag] H [mag] Distance [kPc] Comp. Type Refersnce
PG0850+170 13.9770.000  14.53%0.043 14.6240.066  1.0470:18 MS/WD [1,13]
EGB5 13.808:0.04  14.4820.036  14.538:0.055  0.6815 07 MS/WD [2,13]
PG0919+273 12.7650.009  13.3030.021  13.428:0.030  0.397500 WD [1,13]
PG1619+522 13.2970.006  13.883:0.027  13.9620.040  0.44700% WD [1,13]
KIC7668647 15.2180.07  15.81%0.066  16.05:0.201°  1.5470:12 WwD'® [2,13]
CS1246 14.3740.03  14.013-0.039  14.0320.058 - MS/WDB®  [2,13]
LB1516 12.962-0.003  13.528-0.035 13.6630.054  0.5975-15 WD [3,13]
PG1558-007 13.5280.006 - - 0.847013 MS/WD 11]
KIC11558725 14.8580.04  15.379-0.046  15.3520.088 1457013 wD'e [2,13]
PG1110+294 14.0860.006  14.626:0.037  14.6740.063  0.79701% WD [1,13]
EC20260-4757 13.7350.01  14.424:0.023  14.4630.046 - MS/WD [2,13]
Feige108 12.97830.000 13.529:0.024  13.7040.032  0.397503 WD [4,13]
PG0940+068 - 14.1580.027  14.14%0.049 - MS/WD [13]
PHL861 14.826:0.04  15.3730.051  15.4960.103  1.457073 MS/WD [2,13]
J032138+053840  15.048:0.04  15.1480.050  15.4020.13%°  1.02701} MS/WD [2,13]
HE1448-0510 14.61£0.04  15.1990.056  15.2340.096  1.307013 WD [2,13]
PG1439-013 13.9480.028  14.508:0.035  14.692:0.041 - MS/WD [1,13]
J095238+625818  14.693-0.09  15.42@:0.067  15.6020.147°  1.1375-18 WD [2,13]
PG1032+406 11.5190.009 12.166:0.022  12.2730.018  0.25750% MS/WD [1,13]
PG0907+123 13.9700.003  14.4740.030 14.666:0.066  1.08701% MS/WD [1,13]
HE1115-0631 - 15.6280.079  15.588-0.12F - MS/WD [13]
CD-24731 11.7480.024  12.4040.027  12.5830.027  0.267503 WD 5,13]
PG1244+113 14.1970.018  14.8240.004  14.9320.007  1.2175:01 WD [1,14]
PG0839+399 14.3880.000 14.88%0.035  15.0880.064  1.367012 MS/WD [1,13]
J183249+630910  15.695:0.01  16.236:0.096  16.068:0.176°  2.417)30 MS/WD [2,13]
EC20369-1804 13.280.00  13.93%20.022  14.06%0.044 - MS/WD [6,13]
TONS135 13.3020.042 13.868:0.029  14.01%£0.047  0.547519 MS/WD 5,13]
PG0934+186 13.1380.001  13.7530.025  13.972:0.038  0.6615 00 WD [1,13]
PB7352 12.26:0.01  12.81%0.026  12.9130.025  0.44750% MS/WD [2,13]
KPD0025+5402 13.9100.015 14.258-0.031  14.3630.047 - MS/WD [1,13]
KIC10553698 14.9020.08  15.446:0.047  155380.092 - wpe [2,13]
PG0958-073 13.5680.002 14.0980.030  14.133-0.039  0.6375 52 MS/WD [4,13]
PG1253+284 12.7600.000 12.182:0.001  12.0030.001 - MS/WD [1,13]
TON245 13.854-0.04  14.312:0.002  14.41#0.005  0.9775323 WD [2,14]
PG1300+279 14.2680.023  14.894:0.004  15.00&0.007  0.9470:15 WD [1,14]
CPD-201123 12.1780.12  12.56%0.024  12.6580.027  0.647013 MS/WD [2,13]
NGC188/11-91 - - - - MS/WD 0
J134632+281722  14.908:£0.07  15.5130.007  15.59%0.010 153703} WD [2,14]
V1093Her 13.96£0.008 14.5180.034  14.6720.074  0.937513 MS/WD'e  [1,13]
PG1403+316 13.5320.010 14.1790.023  14.3780.041  0.631500 WD [1,13]
HD171858 9.853:0.04 10.3240.023  10.4320.022 - MS/WD [7,13]
J002323-002953  15.577:0.02  16.1530.013  16.27%0.026  1.607(1] WD [2,14]
KPD2040+3955 14.4720.049  14.568-0.036  14.56@-0.065 - MS/WD [1,13]
HE2150-0238 - - - - MS/WD 0
J011857-002546  14.804£0.05  15.184:0.047  15.2620.098  1.2570:1% MS/WD [2,13]
UVO1735+22 11.86£0.01  12.50%0.021  12.658-0.022  0.3770:0% WD [2,13]
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Table 2.9: continued.

Object V[mag] J [mag] H [mag] Distance [kPc] Comp. Type Refersnce
PG1512+244 13.1850.04  13.95%0.028  13.9520.039  0.501502 WD [2,13]
PG0133+114 12.3450.000 12.80%0.001  12.9180.002  0.377503 WD [1,14]
HE1047-0436 14.7960.000 15.52#0.060  15.63#0.123%  1.197)0 WD [1,13]
PG2331+038 14.9740.025 15.36£0.005  15.4040.012  1.207503 WD [1,14]
HE1421-1206 15.5180.0 15.89%0.073  15.8720.16%  1.72751% MS 8,13.15]
J113241-063652  16.273:0.005 16.684:0.142° - 2.3970-21 MS/WD [9,13]
PG1000+408 13.3270.023  13.978:0.027  14.2440.043  0.837012 MS/WD [1,13]
J150829+494050  17.516£0.005 - - 3.8370-3% MS/WD [9]
PG1452+198 12.4780.002 13.0530.023  13.1720.025  0.9073:35 WD [1,13]
HS2359+1942 15.6300.06  16.2340.092  16.2220.21F  2.0270:3% WD [2,13]
PB5333 12.8740.020 12.8790.001  12.6220.001  0.42700° MS/WD [1,14]
HE2135-3749 13.8960.01  14.598:0.035  14.65@0.051  0.637)02 WD [2,13]
EC12408-1427 12.8230.02  13.39@:0.029  13.46%0.035 - MS/WD [2,13]
PG0918+029 13.4150.080 13.993:0.002  14.0920.004  0.43700% WD [1,14]
PG1116+301 14.3370.019 - - 0.847013 MS/WD [1]
PG1230+052 13.2870.018  13.83%0.002  13.9630.003  0.670:0 MS/WD [1,14]
EC21556-5552 13.0900.04  13.718:0.029  13.8620.047 - MS/WD [2,13]
V25790ph 12.93@0.025 13.3620.026  13.4760.030  0.52700% MS/MWD'c  [1,13]
EC13332-1424 13.3800.03  13.895:0.030  13.998:0.035 - MS/WD [2,13]
TONS183 12.5080.02  13.232:0.026  13.36%0.028  0.52750% MS/WD [2,13]
KPD2215+5037 13.7300.022  14.218:0.040  14.3130.042 - MS/WD [1,13]
EC02200-2338 12.0140.01  12.616:0.026  12.7480.021 - MS/WD [2,13]
J150513+110836  15.378£0.09  16.0430.006  16.1530.015  1.4470:35 WD [2,14]
PG0849+319 14.6080.000 15.17#0.044  153180.095  1.467073 MS/WD [1,13]
JL82 12.382-0.003 12.85#0.024  12.968-0.025  0.5715 53 MS 13,13]
PG1248+164 14.4680.03  15.03%0.037  15.0130.080  0.897013 MS/WD [2,13]
EC22202-1834 13.8820.03  14.38%:0.033  14.43%0.049 - MS/WD [2,13]
J225638+065651  15.314£0.01  15.744:0.006  15.7820.012  1.397012 WD [2,14]
J152222-013018  17.813:t0.02  18.4240.098  18.2020.131 - MS/WD [9,14]
PG1648+536 14.0550.017 14.5530.029  14.58#0.051  0.887501 WD [1,13]
PG1247+554 12.2500.01 - 11.08%0.017 - MS/WD [2,13]
PG1725+252 13.0880.018  13.496:0.026  13.64%0.037  0.541507 MS/WD [1,13]
EC20182-6534 13.220.0 13.782£0.029  13.8720.021 - MS/WD [6,13]
PG0101+039 12.0650.000 12.609-0.001  12.7240.002  0.3673:93 wD'e [4,14]
HE1059-2735 15.5080.06  16.0530.089  16.329:0.208°  2.73703S MS/WD [2,13]
PG1519+640 12.4580.001 13.00%0.023  13.18%0.026  0.3970:09 MS/WD [1,13]
PG0001+275 - 13.8380.024  13.97%0.041 - MS/WD [13]
PG1743+477 13.7870.009  14.313:0.024  14.5280.060  0.767012 WD [1,13]
J172624+274419  15.994-0.01  16.46%0.101 - 1767015 WD [2,13]
HE1318-2111 14.7180.09  15.218:0.049  15.2880.089  1.64703% MS/WD [2,13]
KUV16256+4034 12.64:021  13.06%40.035  13.224-0.035  0.4975¢ MS/WD [7,13]
GALEXJ2349+3844 11.730.13  12.04@0.024  12.1580.031 - MS/WD [7,13]
HE0230-4323 13.7680.02  13.948:0.032  13.8040.044  0.82700° MS [2,13]
HE0929-0424 16.1680.15  16.646:0.1128 - 2.0675-31 MS/WD [2,13]
UV01419-09 12.11%0.09  12.692:0.023  12.83%0.025 - WD [2,13]
J095101+034757  15.895:0.02  15.9720.007  15.7030.013  2.371077 MS/WD [2,14]
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Table 2.9: continued.

Object V[mag] J [mag] H [mag] Distance [kPc] Comp. Type Refersnce
KPD1946+4340 14.2990.002  14.683:0.031  14.8380.055 - WD [1,13]
V14050ri 15.142:0.09  14.5740.031  14.6720.045 - Mge [2,13]
Feige48 13.4560.000 13.983-0.027 14.13#0.043  0.7373:05 WDl [1,13]
GD687 14.0720.03  14.618:0.033  14.8740.077  1.047013 WD [2,13]
PG1232-136 13.3360.033  13.7580.028 13.89£0.040  0.5075-0% WD [1,13]
PG1101+249 12.7250.03  13.18%0.027  13.2520.039  0.361503 WD [2,13]
PG1438-029 - 14.1680.029  14.2480.053 - MS [13]
PG1528+104 13.5680.010  14.082:0.002  14.15:0.004  0.777501 WD [1,14]
PHL457 12.9470.010 13.499-0.026  13.59%0.021  0.627012 MS [2,13]
PG0941+280 13.2650.07  13.79¢:0.029  13.8920.042  0.757002 WD [2,13]
HS2043+0615 15.4200 16.098:0.093 - 2.02715-29 MS [8,13]
J102151+301011  18.218:£0.007 - - 5.7470:5% MS/WD [9]
KBS13 13.63%0.01  14.0180.024  14.0630.032 - Mge [2,13]
CPD-64481 11.29030.01  11.8780.022  11.9940.028  0.2370:02 MS [2,13]
GALEXJ0321+4727 11.730.15  11.79%0.001  11.9230.001 - MS [7,14]
HE0532-4503 15.980.0 16.563-0.146° - 2.5575-29 MS/WD [10,13]
AADor 11.90+0.0 11.7950.028  11.9630.029 - mge [2,13]
J165404+303701  15.409:0.04  15.938:0.008  16.038:0.016  1.787(37 MS/WD [2,14]
J012022+395059  15.3410.07  16.016&0.078  15.92%0.17%  1.7970:19 MS [2,13]
PG1329+159 13.5070.03  14.04%0.002  14.22%0.004  0.677512 MS [2,13]
J204613-045418  16.324£0.01  16.67%0.143°  16.308:0.217°  2.817033 MS/WD [2,13]
PG2345+318 14.1780.005 14.698-0.039  14.8330.071  0.197903 WD [1,13]
PG1432+159 13.8960.013  14.443:0.028  14.5380.050  0.647015 WD [1,13]
BPSCS22169-0001  12.84®.01  13.458:0.023  13.55%0.024 - MS [2,13]
J113840-003531  14.467:0.03  15.16%0.043  15.13%0.085  1.2370:1% WD [2,13]
J082332+113641  16.658£0.005 - - 2.4871522 MS/WD 2]
HS1741+2133 13.9980.01  14.386:0.036  14.6168:0.060 - WD [2,13]
HE1415-0309 16.48%0.0 - - 2.7610-5T WD [9]
HS2333+3927 14.7940.01  14.986-0.048 15.0180.084  1.25701% VIS [2,13]
J192059+372220  15.745:0.01  16.186-0.083  16.272:0.224° - MS [2,13]
2M1533+3759 12.9640.17  13.6520.026  13.7380.031  0.557 509 Msle [2,13]
J083006+475150  16.043:0.03  16.73%0.14F  16.4772:0.220° 2447327 WD [2,13]
ASAS102322-3737  11.76870.07  12.0280.021  12.1120.027  0.2873:33 mste [2,13]
EC00404-4429 13.6740.02  14.228:0.030  14.4240.052 - WD [2,13]
2M1938+4603 12.0680.01  12.7520.022  12.8830.020 - Mge [2,13]
BULSC16335 16.3950.028 12.868:0.022  12.0720.021 - Mge [11,13]
PG1043+760 13.7680.016  14.278:0.030  14.3530.049  0.897013 WD [1,13]
EC10246-2707 14.380.0 14.83@:0.036  14.8420.052  0.927503 mste [12,13]
HWVir 10.577+0.069  10.9740.027  11.093:0.022  0.17730} mste [1,13]
HS2231+2441 14.1580.05  14.66%:0.035  14.7320.054  1.1170) mste [2,13]
NSVS14256825 13.3890.25  13.658:0.026  13.79%0.026 - Mge [2,13]
UVEX0328+5035  14.2630.02  14.12%#0.004  13.9150.004 - MS [2,14]
PG1336-018 13.6620.27  14.5940.037  14.648:0.050  0.611507 Msle [2,13]
J082053+000843  15.168:0.05  15.712:0.008  15.8180.014  1.697032 BD [2,14]
HS0705+6700 14.9280.52  15.1030.039  15.2330.086  1.58107T5 Msle [2,13]
KPD1930+2752 13.8380.035 13.983:0.029  13.9680.045 - wpe [1,13]
KPD0422+5421 14.6820.018  14.4230.031  14.4230.046 - wpe [1,13]
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Table 2.9: continued.

Object V[mag] J [mag] H [mag] Distance [kPc] Comp. Type Refersnce
PG1017-086 14.4280.025 14.866-0.042  15.038:0.074  1.05751¢ MS [1,13]
J162256+473051  16.188:0.02  16.7320.136° - 2.2510-23 BD [2,13]
CD-3011223 12.2960.03  12.8840.029  12.9320.023  0.357553 WD [2,13]

Ic: identified photometrically; B,C,D: 2MASS colours of gitglB, C or D which were excluded from the analysis
1: Wesemael et al. (1992); 2: UCAC4; 3: Landolt (2007); 4: Lalh@009); 5: Mermilliod (1992); 6: O’Donoghue et al. (2018) Hag
et al. (2000); 8: NOMAD; 9: SDSS, Jester et al. (2005); 10: 8RM11: Udalski et al. (2002); 12: Kilkenny et al. (1997); ZMASS; 14:
UKIDSS; 15: Koen priv. comment






CHAPTER 3

ORBITAL PERIODS ANDACCRETION DISC
STRUCTURE OF FOURAM CV N SYSTEMS

T. Kupfer, P. J. Groot, D. Levitan, D. Steeghs, T. R. Marsh, RM@utten and G. Nelemans

MNRAS, 432, 2048 (2013)

Abstract. Phase-resolved spectroscopy of four AM CVn systems obtaintdthe William
Herschel Telescope and the Gran Telescopio de Canariasenped. SDSS J120841.96+355
025.2 was found to have an orbital period of 52:8640 min and shows the presence of a sec-
ond bright spot in the accretion disc. The average spectamtams strong Mgand Sil/11 ab-
sorption lines most likely originating in the atmospheréhaf accreting white dwarf. SDSS J01
2940.05+384210.4 has an orbital period of 3758903 min. The average spectrum shows
the Stark broadened absorption lines of the DB white dwaefedor. The orbital period is
close to the previously reported superhump period of 37t @ombined, this results in a pe-
riod excess=0.0092:0.0054 and a mass ratjo=0.031:0.018. SDSS J164228.06+193410.0
displays an orbital period of 54.2€1.60 min with an alias at 56.35 min. The average spectrum
also shows strong Migabsorption lines, similar to SDSS J120841.96+355025. 58515250
9.57+360054.50 displays an period of 44t8218 min. The overall shape of the average spec-
trum is more indicative of shorter period systems in the 20s¥8nute range. The accretor
is still clearly visible in the pressure broadened absorplines most likely indicating a hot
donor star and/or a high mass accretor. Flux ratios for aéliefium lines were extracted from
the Doppler tomograms for the disc and bright spot regiod,campared with single-slab LTE
models with variable electron densities and path lengtrestonate the disc and bright spot
temperature. A good agreement between data and the modheéandut of four systems was
found for the disc region. All three systems show similacdesmperatures 0£10 500 K. In
contrast, only weak agreement between observation andieswds found for the bright spot
region.

63



64 Chapter 3. Orbital periods and Accretion disc structure of #8M CVn systems

3.1 Introduction

AM CVn systems are a small group of mass transferring ultrapamnbinaries with orbital

periods between 5.4 and 65 min (see Solheim, 2010 for a reeeeiv). They consist of a
white dwarf (WD) primary, and a WD, or semi-degenerate helitan secondary (e.g. Nele-
mans et al., 2001a). Spectroscopically these systems araatérized by a high deficiency of
hydrogen, indicating an advanced stage of binary evolution

Over the course of evolution of a close binary consistinghténmediate mass stars, two
common envelope phases may produce a detached WD binarynsgsteperiod of minutes
to hours (see Kilic et al., 2012 and references therein). vi@gonal wave radiation will
decrease the orbital separation until the low-mass secypriila its Roche lobe and mass
transfer sets in at an orbital period between 3-10 min (elgMans, 2005). A fraction of
these systems will survive the ensuing direct impact phpass through an orbital period
minimum and become AM CVn systems (Nelemans et al., 2001asiVar al., 2004). An
accretion disc forms at an orbital period-010 min depending on the masses and the entropy
of the donor (see e.g. Kaplan et al., 2012). Material transfefrom the secondary hits
the disc at the so-called bright spot. In the further evolutihe system widens, upon loss
of angular momentum in gravitational waves, causing thesraiassfer rate to drop. The
mass-transfer rate drops as the orbit widens and the systdsup as a more massive WD
with an extremely low-mass WD companior@.001 M,) at an orbital period of-1 hour.
AM CVn systems are important as strong low-frequency Galagtavitational wave sources
(e.g. Nelemans et al., 2004; Roelofs et al., 2007d; Nissahké,&£012) and are the source
population of the proposed '.Ia’ supernovae (Bildsten ¢t24107).

AM CVn systems show three phases during their lifetime basetheir photometric be-
haviour. Systems with periods below 20 min have a high massster rate resulting in spectra
that are dominated by helium absorption lines originatmthe optically thick disc. Systems
with periods above 40 min are in a low mass-transfer rate statl have spectra dominated
by strong helium emission lines from an optically thin atioredisc. The intermediate period
systems between 20 and 40 min orbital period undergo dwad-type photometric outbursts
and change their spectral behaviour from low state, whereston lines from the disc and
Stark-broadened absorption lines from the accretor damitiee spectrum, to a high state,
where absorption lines from the optically thick disc donténtihe spectra (Groot et al., 2001;
Levitan et al., 2011; Ramsay et al., 2012).

In a large campaign using the Sloan Digital Sky Survey (SD®# et al., 2000) Roelofs
et al. (2005, 2007b); Anderson et al. (2005, 2008); Rau et28l1Q); Carter et al. (2012)
built up the population of AM CVn systems and significantlyre&sed the number of known
systems over the last ten years. The recent increase in hegbion from photometric, spec-
troscopic, and synoptic surveys (e.g. Levitan et al., 2@013, 2014) allows the derivation
of population properties such as the orbital period diatidn or the presence or absence of
spectral features as a function of evolutionary stage. Terdene the orbital period, and de-
tect variations in the spectrum over the orbital period,sgh@solved spectroscopy is needed
(Roelofs et al., 2005, 2006a), although Levitan et al. (2&hbwed that the photometric pe-
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Table 3.1: Summary of the observations of SDSS J1208, SDSS J0129, SDSS b8P 8S J1525.

System Telescope+Instrument Exp. Exp.time(s) Coverage (Ajnnifg Resolution (A)
SDSS J1208
2008/12/25 WHT+ISIS(R300B/R316R) 50 180 3250 - 8119 2x2 {R300B) 1.75 (R316R)
2008/12/27 WHT+ISIS(R300B/R316R) 50 180 3250 - 8119 2x2 (R3B00B) 1.75 (R316R)
2008/12/28 WHT+ISIS(R300B/R316R) 50 210 3250-8119 2x2 {R300B) 1.75 (R316R)
SDSS J0129
2011/09/25 GTC+Osiris(R1000B) 42 120 3833 - 7877 2x2 2.1BMB)
2011/09/26 GTC+Osiris(R1000B) 40 120 3833 - 7877 2x2 2.15)(RB)
2011/09/27 GTC+Osiris(R1000B) 20 120 3833-7877 2x2 2.19)(RB)
2011/09/28 GTC+Osiris(R1000B) 21 120 3833 - 7877 2x2 2.15)(RB)
SDSS J1642
2011/08/24 GTC+Osiris(R1000B) 32 180 3833 - 7877 2x2 2.15)(RB)
2011/08/26 GTC+Osiris(R1000B) 32 180 3833-7877 2x2 2.18)(RB)
2011/08/27 GTC+Osiris(R1000B) 20 180 3833 - 7877 2x2 2.15)(RB)
2012/01/25  Hale+DoubleSpec(600/4000) 1 1200 3500-5250 1 1x 2.75 (600/4000)
SDSS J1525
2011/07/24 GTC+Osiris(R1000B) 16 180 3833-7877 2x2 2.189)(RB)
2011/08/28 GTC+Osiris(R1000B) 22 180 3833 - 7877 2x2 2.15)(RB)
2011/08/29 GTC+Osiris(R1000B) 32 180 3833 - 7877 2x2 2.15)(RB)

riod may be tied to the spectroscopic period for some systéhis is not valid for all systems.
GP Com shows variability in the light curve which is not tiedhe orbital motion (Morales-
Rueda et al., 2003a).

Here, the results of follow-up phase-resolved spectrosaddour systems which were
originally found in the SDSS spectroscopy or photometrg eonfirmed by spectroscopy to
be AM CVn systems are presented. SDSS J120841.96+355025¢a{ter SDSS J1208) and
SDSS J012940.05+384210.4 (hereafter SDSS J0129) werd fouhe spectral database of
SDSS due to their strong helium emission lines and lack ofdgeh (Anderson et al., 2005,
2008). SDSSJ164228.06+193410.0 (hereafter SDSS J16d H2AS J152509.57+360054.5
(hereafter SDSS J1525) were found during follow-up obgema of colour selected AM CVn
candidates from SDSS (Rau et al., 2010).

As Doppler tomography (Marsh & Horne, 1988) remaps linerisites from the wavelength-
time domain to the binary velocity frame, the technique daa be used to derive line intensi-
ties of specific regions in the binary system. Skidmore €2800) used ratioed Doppler maps
to study the structure of the accretion disc in the dwarf ndlAdSge. This ratio-mapping
has so far not been applied to Doppler tomograms to deriveteisperatures and densities in
AM CVn type binaries. Here, for the first time, this technigeeaused to limit the characteris-
tics of the accretion disc and bright spot regions under siseraption of an LTE slab model
in AM CVn type binaries.

3.2 Observations and Data reduction

Phase-resolved spectroscopy of SDSS J1208 using the Wiliarschel Telescope (WHT)
and the ISIS spectrograph (Carter et al., 1993) was obtalrsdie 3.1 gives an overview of all
observations and the instrumental set-ups. Each nightenage bias frame was made out of
20 individual bias frames and a normalised flat field frame eeastructed out of 20 individual
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lamp flat fields. CuNeAr arc exposures were taken every houotect for instrumental
flexure. Each exposure was wavelength calibrated by infi&tipg between the two closest
calibration exposures. A total of about 30 lines could bd fit&td in each arc exposure using
a Legendre polynomial of order 4 resulting in 0.08 A root-meguare residuals.

Feige 34 (Oke, 1990) was used as a spectrophotometric stetodéux calibrate the spec-
tra and correct them for the instrumental response.

For SDSS J0129, SDSSJ1642 and SDSS J1525 phase-resolatbsmspy using the
Gran Telescopio de Canarias (GTC) and the Osiris spectrodtzgya, 1998) was obtained.
10 to 12 bias frames each night to construct an average lbiagefand 5 to 7 individual tung-
sten lamp flat fields to construct a normalised flat field weraiabd. HgArNe calibration
were obtained for SDSS J1642 and SDSS J1525 at the end of mgéity To check the sta-
bility of Osiris the O 5577 sky line was used. It shows a maximum shift of 0.3A over th
night. This corresponds to 17 km'swhich is acceptable for the velocity fields displayed by
our systems. For SDSS J0129, calibrations were obtainedtljifollowing a two hour block
of the science observations. About 30 lines could be wedldith each arc exposure using a
Legendre function of order 4 resulting in 0.07 A root-megnare residuals. The only excep-
tion was August 26 on SDSS J1642 when the calibration lamgtisperere stretched by a few
pixels. The reason for the stretched image was an incoweuasfposition of the spectrograph.
This was initially not spotted, and corrected for by adjugtihe telescope focus. This pro-
duced a focussed spectrum on the detector, but had the &t @f generating a few pixels
of stretching. Sky lines could not be used for calibratiotoafew isolated sky lines are visible
in the spectrum in particular in the blue. Calibration linesni a different night could also not
be used as the stretching of the spectra is a non-lineat effelcvariable from night to night.
Therefore, the helium emission lines from the target itaadfe used to calibrate the spectra
for this night. To correct for the instrumental response €24.1363-3 and G158-100 (Oke,
1974, 1990) were used as spectrophotometric standards.

All spectra were debiased and flat fielded usiRgF routines. One dimensional spectra
were extracted using optimal extraction and were subselyueavelength and flux calibrated.

SDSS J1642 was also observed on the Hale telescope usingtiidelSpec spectrograph
(Oke & Gunn, 1982), which covers wavelengths below 3900 Aly@ata taken with the blue
side, using the 600/4000 grating is shown here. An FeAr larap used for wavelength cal-
ibration and G191-B2B (Oke, 1990) was used as a spectropletticrstandard. $ARLINK,
PAMELA, andMOLLY were used for reduction and calibration.

3.3 Methods

3.3.1 Period determination

To determine the orbital period the violet-over-red metifé(R) described in Nather et al.
(1981) was used following Roelofs et al. (2005, 2006a, 2007d)e normalised emission
wings of the helium lines were divided into a red and a violett @nd the flux ratio of both
wings was calculated. To maximise the SNR the ratios of tlemgest emission helium lines



3.3. Methods 67

(3888 A, 4026 A, 4471 A, 5015 A, 5875 A and 6678 A) were summe®dSS J1208, as well
as for SDSS J1642 without 3888 A. For SDSS J0129 and SDSS #i&fikes which are sup-
posed to be least affected by broad wing absorption from ticeetor were used (5875 A,
6678 A and 7065 A). Lomb-Scargle periodograms of the medsuirget-over-red-ratio as a
function of the heliocentric date were computed (Fig. 3r&) the strongest peaks are assumed
to correspond to the orbital period.

The uncertainty on the derived period for each system wasa&sd using a simple Monte
Carlo simulation, where 1000 periodograms were computedra@dch the highest peak was
taken as the orbital period (see Roelofs et al.,, 2006a). F@SSI1208, 150 spectra were
randomly picked out of the full sample of 150 spectra, allgyvior a spectrum to be picked
more than once. The same was done for SDSS J1029, SDSS J1638R &6 J1525 using 123,
84 and 70 spectra respectively. The standard deviation ewlitribution of the computed
orbital periods is taken as a measure of the accuracy in tineedgoeriod.

3.3.2 Analysis of Doppler tomograms

In Doppler tomography (Marsh & Horne, 1988) phase-resobelctra are projected onto a
two-dimensional map in velocity coordinates. We refer teeghs (2003) and Marsh (2001)
for reviews on Doppler tomography. Emission features thasgationary in the binary frame
add up constructively in a Doppler tomogram while emisskat is not stationary in the binary
frame or moves on a period different from the orbital periakilve spread out over the Doppler
tomogram. Therefore, Doppler tomograms are useful to s¢épaut features that move with
a different velocity and/or different phase (e.g. brighttsand central spike). In this analysis
Doppler tomograms were computed using the software pacRagerLER, and were used
to measure the phase shift between the two bright spots irSSD&08 (see Sec. 3.4.4), and
to extract fluxes from Doppler tomograms to estimate tentpseza of the disc and the bright
spot. In the analysis we assume that the disc emission iglladnd azimuthally symmetric
around the WD and the bright spot emission is concentratediimgde quarter in the Doppler
tomogram.

SDSS J1208 shows a prominent second bright spot in sevdnainhines (see Fig. 3.8).
To measure the phase shift between both spots in SDSS J12D8Gaussian was fitted to the
spots in the Doppler tomograms of the 5875 A, 6678 A and 708Bds| The center of every
2D-Gaussian fit; 42, vymaz) Was calculated for each line. The error-weighted meanef th
center is taken to be the center of the bright spot. The phasean the position of the bright
spot is calculated as the length of the intersection betwleephase angle and the positional
error ellipse.

The flux ratios obtained from the line emission strength®ien\@oppler tomograms were
used to estimate the temperature of the disc and the bright &p separate the disc and bright
spotregion, each Doppler tomogram was divided into twdeest The Doppler tomograms of
all systems with only one bright spot were divided into thge@rters with only disc emission
and one quarter including the bright spot region (see Fif. 3The quarter with the second

1DoppPLERWaS written by Marsh and is available at http://www.warwézkuk/go/trmarsh/software/
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bright spot was excluded from the disc region in SDSS J1208BtHis system only half of the
Doppler tomogram was used for the disc region.

Every section was divided into radial bins with a bin size@kén s!, starting at the center
of the Doppler tomogram(, v,=0,0). The center of the Doppler tomogram is assumed to be
the center of the WD primary due to the extreme mass ratiosceegpegn AM CVn systems
where the orbital velocity of the primary in long period s is expected to be less than
50kms ! (Morales-Rueda et al., 2003a; Roelofs et al., 2006b). Thegesfitux per radial bin
was calculated, which leads to a radial emission profile efdisc and the bright spot. Finally
the flux of the radial profile was summed to obtain the full flmailine.

To isolate the bright spot emission, the radial emissiorfilprof the disc region was
subtracted from the radial emission profile of the brighttsjegion. The innermost radii
(<300kmst) in SDSS J1208, SDSS J1525 and SDSS J0129 were excludeddaantam-
ination from the central spike. In SDSS J1642 the flux wasutated starting from the center
(0kms!) because no central spike is visible in this system.

The obtained flux ratios were compared to a single slab LTEanwedh uniform tempera-
ture and density. This model is an approximation as tempesand density will change over
the disc. Marsh et al. (1991) found overall good agreemetwdsn those models and the
observations for GP Com. They also found a 25% discrepaneyeleetthe models and the ob-
served strengths in the H8015 A line. The same discrepancy is found in all four systéesas
upper left panel in Fig. 3.12 without 25% correction and upght panel in Fig. 3.12 with
25% correction). Therefore, in this analysis a 25% coroedis applied to the HE5015 A line
in all systems. Figure 3.12 shows that excluding the B@15 A line leads to a degeneracy
in the derived temperatures because the remaining fluxsratiballows a dual solution. The
measured flux ratios with the H&015 A line are needed to break this degeneracy even when
including a 25% uncertainty on the H&015 A line itself. Lines further to the blue are not
usable as they are either affected by absorption from theeewoor by a very strong central
spike. The single slab LTE model is described in full detalMiarsh et al. (1991). For the tem-
perature estimation a fixed electron density=10'*cm~3) and fixed path length€1®cm) is
used, which are values similar to those found in GP Com by Metrslh (1991).

To estimate the temperature of the disc and bright spot,ierent flux ratios of helium
lines were used (7065/6678, 7065/5875, 7065/5015, 6678/3678/5015 and 5875/5015).
The output of every Doppler tomogram is set by the targetedalue. This value has to be
set manually and depends on the number of lines used and afieyapf the data. Ay? value
set too high smears out features, whereg$ @alue set too low leads to noise artefacts in the
reconstructions. The optimaF is a compromise between goodness of fit and avoiding over-
fitting the data. This is a common feature of all maximum gmgreeconstruction techniques
as, such as e.g. also eclipse mapping (Horne, 1985). Sétengrgeted,? turned out to be
the dominant uncertainty in our method using actual linegfuto derive temperatures.

To estimate this uncertainty a simple Monte Carlo simulati@s used. For SDSS J1208
a number of 150 spectra were randomly picked out of the fufliga of 150 spectra, allowing
for a spectrum to be picked more than once and also allowingafedomly distributedy?
values in the Doppler tomograms. The allowed range of thgetar® value is taken to be
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Figure 3.1: Doppler tomogram of the He7065 A line from SDSS J0129 with two distinguished areas
used for the temperature estimation. The upper left quarter was takee taight spot region, whereas
the other three quarter were taken for the disc region.

between half the initial value and the estimated best vaNext, 1000 Doppler tomograms
were computed, the flux extracted and the standard deviafiafi extracted fluxes taken as
the error on the fluxes. The same was done for SDSS J0129, SB8% dnd SDSS J1525
using 123, 84 and 70 spectra respectively.

The temperature was calculated taking a weighted mean aftalisection points (see
Fig. 3.12). The weighting factor for each intersection powas calculated from the region
where the calculated flux ratio from the model lies within émeor bars of the measured flux
ratio. The error on the temperature estimation was caledlas a weighted error, where the
error on each flux ratio was taken as the weighting factor. dltained error is only the
statistical error on the temperatures. The change of thevaes$ column density leads to a
systematic error and is described in Sec. 3.4.7.

3.4 Results

3.4.1 Average spectra
Helium lines in absorption and emission

The average spectrum of SDSSJ1208 is shown in Fig. 3.2. Thegsemission lines of
neutral helium and He 4685 A are clearly visible. The spectrum looks very simikathe
long-period system GP Com (Marsh, 1999). The emission lihew & double-peaked profile
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Figure 3.2: Average spectrum of SDSS J1208 obtained with the WHT. The strongissolines of
Mg 1 and Sil/l are prominent

originating in the disc, as well as the well-known centraiks feature, which is only observed
in AM CVn systems (Marsh, 1999; Morales-Rueda et al., 2003d.}fa& 65-min orbital period
He-rich dwarf nova CSS100603:112253-111037 (Breedt et@l2R2 The He 4471 A line
only shows emission from the central spike. The centrdtesf@ature is known to move with
the accreting white dwarf. Therefore, the strong centrétespf SDSS J1208 was used to
measure radial velocities of the accretor and is discuss8ec. 3.4.3.

Figure. 3.3 shows the average spectra of SDSS J1525 and SD&E Jrhe spectra look
very similar. The red part of the spectra is dominated by topbaked emission lines with a
small central spike feature in H&875 A and no discernible central spike in H&678 A and
7065 A. The blue helium lines are dominated by the Starkdenad absorption lines from the
WD accretor.

The average spectrum of SDSS J1642 (Fig. 3.3) is differemh fthe previous systems,
showing only strong emission lines and no sign of an undaglygccretor. The double peaks
of the individual helium lines are barely resolved and na@@spike is seen in this spectrum.

Emission lines of metals

Emission lines of various metals including calcium, siticoon and nitrogen are observed in
quiescent spectra of AM CVn systems (Ruiz et al., 2001; MofRlesda et al., 2003a; Roelofs
et al., 2006a, 2007c, 2009). In particular SDSS J080449.89624.8 (hereafter SDSS J0804;
Roelofs et al., 2009) shows a very rich emission line spectrum

Marsh et al. (1991) predicted Siemission at 6346 A and 6371 A and Femission at
5169 A to be the strongest metal lines in helium-dominateitally-thin accretion discs. In
principle, the strength of these lines can be used to deterthie initial metalicity since their
abundance is not supposed to be affected by nuclear sysifhresiesses during binary evolu-
tion. SDSS J0129 shows emission ofiFat 5169 A and Sii at 6347 A and 6371 A whereas
the similar system SDSS J1525 shows only weak emission 0fa$i6347 A and 6371A.
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Figure 3.3: Average spectra of SDSS J1525 (top), SDSS J0129 (middle) and SB&3 (bottom)
obtained with the GTC. The strongest features are labelled. Each speg#s flux calibrated but for
clarity the flux of SDSS J1525 and SDSS J1642 was multiplied. 5yand1.35 respectively. The flux
of SDSS J1642 was divided by a factord$. Prominent lines are marked with dashed lines.
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Figure 3.4: Gaussian smoothed spectrum of SDSS J1642 obtained with the Hale teldBesjle the
known helium emission lines also the strong Mapsorption lines similar to SDSS J1208 are present.
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Figure 3.5: Velocity measurement at each phase using a multi-Gaussian fit to thdimég 3832 A
and 3838 A and the $iine 3905 A.

SDSS J1208 and SDSS J1642 show no metal lines in emissionabesd.2).

Absorption lines of metals

In contrast to metal lines in emission, metal lines in absonpare not common for quiescent
spectra of long-period AM CVn systems. The only known longgeesystem in quiescence
that shows metal lines iabsorptionis SDSS J155252.48+320150.9 (hereafter SDSS J1552;
Roelofs et al., 2007c).

In the systems discussed here, SDSS J1208 displays strsogptibn lines of Mg 3832 A
and 3838 A and Si1l 3853 A, 3856 A, 3862 A and 3905 A (Fig. 3.2). A single exposuitaw
the Hale telescope revealed the same signature in SDSS: Xt6at®y Mg 3832 A and 3838 A
absorption (Fig. 3.4). Both systems also show theibgiplet (Fig. 3.2, 3.3). Roelofs et al.
(2007c) found the Mg absorption lines as well in the 56-min-period system SD$S52but
did not detect silicon absorption.

To check the origin of the metal absorption lines in SDSS 812@e individual spectra
were phase-binned into 13 bins, and multi-Gaussian fits¢aMji 3832 A and 3838 A as
well as Sii 3905 A lines were calculated to measure their radial vefodito periodic shifts
are detected within the error bars (Fig. 3.5). In long peggstems such as SDSS J1208 the
mass ratio is extreme (¥M;=¢ <0.01) and the center of mass is close to the white dwarf. As
no periodic velocity shift could be detected (Fig. 3.5), thigin of the metal lines can only
be the accreting white dwarf or the disc. The latter one iskahly because the absorption
lines are expected to be broadened due to Keplerian vasditithe disc as seen in high state
systems such as AM CVn itself (Roelofs et al., 2006b). Theegfibis most likely that these
lines originate in the accreting WD.
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Table 3.2: Measured equivalent widths in (&) and limits of disc emission and photosphiasorption

lines.

EW (A) EW (A) EW (A) EW (A)
Line SDSSJ1208 SDSSJ0129 SDSSJ1642 SDSSJ1525
Disc emission
Hel 3888 -4.8+ 0.2 a -7.2+0.3 a
Hel 3964 -1.9+0.2 a -0.3+0.2 @
Hel 4026 -4.6+ 0.3 a -4.2+0.4 @
Hel 4388 -2.3:0.3 . —1.8+03 .
Hel 4471 70r02 MEOTT 5005 254E07
Hell 4685 -1.0+0.2 -35+03 -15+04 -0.8+0.2
Hel 4713 -1.2+0.2 0.8+0.3 -3.8+0.4 1.9+ 0.3
Hel 4921 -4.0£0.2 24+068 -7.8405 6.9+:05
Heil 5015 71403 -79+04 -13.2+05 0.7+0.3
Hel 5875 -19.8:04 -244+04 -56.8£0.7 -16.0+:0.3
Hel 6678 -15.8-0.5 -18.8+0.5 -39.4+0.7 -6.7+0.3
Hel 7065 -24.0-0.5 -25.4+05 -54.7+0.7 -11.8+0.4
Hel 7281 7904 -28+04 -14.7+t0.7 >-1.3
Feln 5169 X -2.4+04 X >-0.5
Sil 6347/6371 X -3.1-0.4 X —0.6+0.2
Absorption lines
Mg 3832/3838 3.2-0.2 L 10.2+ 1.7 L
Cail 3933 <0.3 L <0.7 L
Sin 3853/58/62 1.3t 0.2 L <0.7 L
Si1 3905 1.6+ 0.2 L <0.7 L
Mg1b 1.2+0.2 o 40+0.5 S

Lines marked with an X indicate that this line is not deteletai the spectrum obtained
¢ Spectrum does not extend to this wavelength

b Equivalent width is combination between disc emission éysbgption from accretor

¢ Combined equivalent width of He4388 and He 4471

4 Call 3968 was excluded because of anitend
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Figure 3.6: Lomb-Scargle periodograms of the red over violet wing flux ratio. Thengest peak was
chosen to be the correct period. Top left: SDSS J1208, top right: SBI2I Jlower left: SDSS J1642
and lower right: SDSS J1525

The presence and strengths of these absorption lines in AM@¢ne compared to spectra
of DBZ WDs. Absorption features of various metal species a@mvnfrom DBZ WDs but
always occur together with the @aH & K lines at 3933.66 A and 3968.47 A (e.g. Dufour
et al., 2012). In order to set a detection limit in equivalemdth for calcium, the calcium
absorption lines are simulated with a Voigt profile incluglithe resolution and SNR of the
spectrum. For a recent work see Dufour et al. (2012). No sfgeatzium in SDSS J1208
exceeding an equivalent width of 0.3 A and in SDSS J1642 elegean equivalent width of
0.7 A is detected. A summary of measured equivalent widtksdatection limits is given in
Tab 3.2.

3.4.2 Spectroscopic orbital periods

Using the method described in Sec. 3.3.1 orbital period2@&-0.40 min for SDSS J1208,
37.555+0.003 min for SDSS J0129, 54.20.60 min for SDSS J1642 and 44:82.18 min for
SDSS J1525 are found (see Tab. 3.3 and Fig. 3.6). The specteadry system were folded
onto the obtained period and phase-folded spectra and Boofhograms were computed.
These are discussed in Section 3.4.4.

All systems, with the exception of SDSS J1642, show sigmfipaaks in the periodogram
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Figure 3.7: Velocity measurement of SDSS J1208 at each phase using a multi-Gaudsigmefhelium
lines which show only central-spike emission (4026 A, 4471 A, 4921 A5468nd 3819 A).

with a high power spectral density (Fig. 3.6). SDSS J1642showeaker bright spot leading
to a less significant power spectral density. The highest pethe periodogram was iden-
tified as the orbital period and is given in Table 3.3. A secpedk with a slightly longer
period shows a similar absolute power spectral densitys phak corresponds to a period of
56.35 min.

3.4.3 Radial velocities of the accretor in SDSS J1208

The central-spike feature is known to move with the accgetvhite dwarf and can therefore
be used to measure the radial velocity curve and the reakptfate accreting white dwarf.
This information in combination with the phase of the brighot helps to establish the mass
ratio of the system (Roelofs et al., 2006b; Morales-Rueda 2@D3a; Marsh, 1999).

SDSS J1525, SDSS J0129 and SDSS J1642 show only weak or ral epikes and cannot
be used to measure radial velocities of the accretor. SDE#BJAn the other hand shows a
very strong central spike with some lines strongly domiddig the central spike (e.g. He
4471 A, Fig. 3.8). For this line, the individual spectra wetese-binned into 10 bins and a
Gaussian fit was calculated to measure the radial veloctypeNiodic variations of the central
spike within the error bars (Fig. 3.7) is detected, whichxgezted as the velocity amplitude
is supposed to b& <10kms.

3.4.4 Phase folded spectra and Doppler tomograms

A bright spot, an accretion disc and sometimes a centrakdpikture are visible in the phase
folded spectra and Doppler tomogram of an AM CVn system. Thghbspot corresponds to
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Figure 3.9: Trailed spectra (top row) and maximum-entropy Doppler tomograms (bottorj abw
selected He and Hell lines of SDSS J0129. Visible is the disc, the bright spot and in some lines the
central spike

the impact point where the accretion stream hits the disthignwork the zero phase for the
trailed spectra and the Doppler tomograms was set suchhhddright spot is located in the
upper left quarter of the Doppler tomogram and as such igrarpiand not constrained by
geometry such as could be the case in an eclipsing system.

Apart from the prominent central spike, SDSS J1208 also shewecond bright spot in
most lines, best seen in HF065 A (Fig 3.8). The second bright spot is discussed in more
detail in Sec. 3.4.4.

SDSS J0129 and SDSS J1525 show the bright spot and disc emissill lines not con-
taminated by white dwarf absorption. Only some helium li¢e71 A, 4685 A, 5875 A and
6678 A) in SDSS J0129 show the central spike, whereas there isdication for a central
spike in SDSSJ1525. SDSSJ0129 and SDSS J1525 also showioatiom for a second
bright spot (Fig 3.9, 3.10).
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Figure 3.10: Trailed spectra (top row) and maximum-entropy Doppler tomograms (bottomabw
selected He and Hell lines of SDSS J1525. Visible is the disc and the bright spot.
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Figure 3.11: Trailed spectra (top row) and maximum-entropy Doppler tomograms (bottonafose-
lected and combined helium lines (4471 A, 4713 A, 4921 A, 5015 A, 58@BA8 A, 7065 A, 7281 A)
of SDSS 1642 . The average line profile has been divided out to eathewisibility of the S-wave.

Therefore, only the bright spot is visible.

SDSS J1642 is different to the previous systems. It shovemgtmarrow disc emission
lines (Fig. 3.11). To make the bright spot visible, eachvitiial spectrum was divided by the
grand average spectrum. Individual lines do not show tlghbspot very clearly. Only a com-
bination of all strong helium lines (4471 A, 4713 A, 4921 A150R, 5875 A, 6678 A, 7065 A,
7281 A) reveals a clear S-wave with a fairly low amplitude400kms?). The strength of
the S-wave is phase dependent (see Fig. 3.11). This is adsdrs&M CVn itself (Nelemans
et al., 2001b; Roelofs et al., 2006b) and in SDSS J0804 (Roelalls, 2009).

Second bright spot in SDSS J1208

A double bright-spot feature is detected in the data of SO288 as has previously been
found in e.g. SDSS J1240 (Roelofs et al., 2005), GP Com and V8agKupfer et al. sub-
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Table 3.3: Overview of measured system parameters of SDSS J1208, SDSS $I188,J1642 and
SDSSJ1525

Object Period (min) Tise [K] T bright spot [K]
SDSSJ1208 52.96 0.40 10800t 400 -
SDSSJ0129 37.555 0.003 1060Gt 200 27800+ 900
SDSSJ1642 54.261.60 10200+ 300 -

SDSS 44,32+ 0.18 - -

mitted). These systems show the second bright spot featuhe dame velocity as the first
spot and, remarkably, all systems show a similar phaselsttifteen the spots of about £20

For SDSS J1208, a phase-shift between the peaks of the dpti2&°o+ 23° was found
using the method described in Sec. 3.3.2. This result isistems with the finding in (Roelofs
et al., 2005) for SDSS J1240. All three lines show that thegrated flux of the second bright
spot has a similar intensity as the first bright spot.

3.4.5 Mass ratio of SDSSJ0129

A superhump period of 37-90.2 min for SDSS J0129 was found by Shears et al. (2011) during
outburst. In combination with the orbital period identifieere, this leads to a period excess
(Bufen) of €=0.0092+-0.0054. The error for the excess was estimated from the acgon

the periods and is dominated by the error on the superhumedpelPatterson et al. (2005)
found an empirical relatione(= 0.18¢ + 0.29¢°) between the period excess and the mass
ratio for a large number of hydrogen rich dwarf novae. Henmaas ratio for SDSS J0129 of

¢=0.031-0.018 using this relation is obtained.

3.4.6 Disc and bright spot temperature

To determine temperatures in the disc and bright spot thentgae outlined in Sec. 3.3.2
was applied. For the disc emission, good agreement betwedrlmand observations within
the error bars were found for SDSS J1208, SDSS J1642 and SN3% (see Fig. 3.12). All
three systems show similar temperatures in the digg:=1L0 800+ 400 K for SDSS J1208,
Taisc=10 2004+ 300 K for SDSS J1642 and;1.=10 600+ 200 K for SDSS J0129 (see Tab. 3.3).
The spectrum of SDSS J1525 shows a strong contribution fhemac¢creting white dwarf in
all lines bluewards of He5015 A (Fig. 3.3). Therefore, He5015 A was excluded for the
temperature estimate. SDSS J1525 is the only system thabhiatersection for the flux ratio
6678/5875 in the disc region (see lower left panel in Fig2Bdossibly due to contamination
in the spectrum from the WD.

In contrast to the disc region, only poor agreement betweedets and observation was
found for the bright spot region. Only SDSS J0129 shows gapdeanent between all flux
ratios and the LTE model (see Fig. 3.13);.idhspot=27 800+ 900 K. SDSS J1208 has only
two intersection points with the models (6678/5015 and #3¥H) which lie between 35000
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Figure 3.12: Comparison between observed disc emission (horizontal lines) and tetttila ratios
for a LTE slab model with a fixed path lengthisfl0°cm and density of 78cm~ for different helium
lines of the bright spot emission region (curved lines). The horizonta ioerespond to the measured
flux ratios with the error on the flux ratios shaded in grey around the hdakbne. The intersection
points (x) for each line are indicated. Marsh et al. (1991) found a cheagent of 2% between ob-
servation and model for the H&015 A line. In the upper right hand panel this correction was applied
to the flux ratios for SDSS J0129. In the upper left hand panel the ofifjirxaratios for SDSS J0129
are shown. A better agreement compared to other lines including the ttmmre@s found. The other
three panels show the flux ratios, models with intersection for the other tystanss (c) SDSS J1208
with corrected He 5015 A line, d) SDSS J1642 with corrected H8015 A line, ) SDSS J1525 with
corrected He 5015 A line).
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Figure 3.13: Comparison between observed bright spot emission (horizontal lindsadeulated flux
ratios for a LTE slab model with a fixed path lengthle.(’cm and density of 1Gcm~! for different
helium lines of the bright spot emission region (curved lines). The hamtdines correspond to the
measured flux ratios with the error on the flux ratios shaded in grey artnenidorizontal line. The
intersection points (x) for each line are indicated. Marsh et al. (199ind@ disagreement of 25
between observation and model for thelH®15 A line. In the upper right hand panel this correction
was applied to the flux ratios for SDSS J0129. In the upper left hand gameriginal flux ratios
for SDSS J0129 are shown. A better agreement compared to other lihgdimgcthe correction was
found. The other three panels show the flux ratios, models with interseotitinef other three systems
(c) SDSS J1208 with corrected H&015A line, d) SDSS J1642 with corrected Hg015 A line, e)
SDSS J1525 with corrected H8015 A line).
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Figure 3.14: Disc temperature estimation for SDSS J0129 with different assumptions &braglalen-
sity and path length in the models. The X display the estimated temperatures witth @agron
density and fixed path length (I=1€m). The triangles show the estimated temperatures with varied
path length and fixed electron density.€10'4cm=3).

and 40000 K (see middle left panel in Fig. 3.13). Therefooeuseful temperature estimation
can be done. SDSS J1525 shows no intersection between naodietdbservations at all. The
flux ratios 7065/5015 and 5875/5015 from SDSS J1642 showagiaocy with the models. In
particular, the first mentioned ratio shows a large disanep#o the models (see middle right
panel in Fig. 3.13).

3.4.7 Column density variations

To estimate systematic uncertainties on the temperatutbsespect to electron density and
the path length variations, two approaches were taken f&SID129.

First, the temperatures were estimated by using modelsafiked path length dt=10cm
and a variable electron density fram=10'2cm—3 to n,=10'"cm~3. All show good agreement
between models and observations except for the modehwith02cm=3.

Second, the temperature was estimated by using models witted electron density
n.=10*cm= and a varied path length frod+107cm to [=10'2cm. A decreasing tempera-
ture with increasing path length or electron density is fb(fig.3.14).

In both cases the column density), goes up, which increases the excitation of the helium
lines as explained in Marsh et al. (1991). Helium lines fertim the red have lower excitation
energies than the helium lines in the blue. With increasaigran density, the lines with lower
excitation energy become stronger compared to the linds higther excitation energies. To
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compensate for this, a lower temperature for a higher coldemsity and a higher temperature
for a lower column density is needed which can be seen in Figk. 3This figure shows also
that changing either the path length or the electron deteitgis to the same change in the
estimated temperatures within the errorbars. But overaltémperature obtained is not very
sensitive to a change in the path length or the electron fen&ichange in path length or
electron density with a factor of 10 000 only leads to tempugeachange 0f3000 K.

3.5 Conclusion & Discussion

3.5.1 Metal absorption lines and spectral features

All three known systems with periods between 50 and 60 mir9SD1208, SDSS J1642 and
SDSS J1552) display Mg absorption, whereas there is nomwédef this in the 65 min period
system V396 Hya (Ruiz et al., 2001) and 46 min period system GR @4arsh, 1999). Metal
absorption lines are well known from single white dwarf speebut for the temperature range
where Mgl is visible, also the Ca H & K lines should be present. There is no evidence for
calcium in either SDSS J1208 or SDSS J1642.

Since the composition of the accretion disc and/or the ufgyar of the primary white
dwarf reflects the transferred material of the secondagyabnndance anomaly will reflect the
current composition and/or the nucleosynthetic histothefsecondary. This means that either
magnesium was enhanced and/or calcium was depleted dinengvblution of the system.
Another possible explanation could be element selectiooh sis peeling off a sedimented
secondary. Three different scenarios can account for thedance anomaly:

1) If the secondary is a degenerate white dwarf, elementrsadation took place, such
that heavy elements sunk down to the center of the white dwaréxplanation for the strong
magnesium lines and the lack of calcium could be that theetegmmagnesium-rich material
comes from a sedimented magnesium-rich layer of the secpn@aoblematic for this pic-
ture is that e.g. SDSS J1208 also shows silicon which hasheehigass than magnesium and
should have sunk down closer to the center of the WD than magne#&n added complica-
tion is that it is also not clear if the secondary is fully ceantive at this stage of the evolution.

2) Element selection due to selective winds from the whitardwould separate different
elements. Selective winds driven by radiation pressurdaned in early B-stars and blow
away metals which have large cross sections (Hempel & Haw&03). However, no strong
winds in the temperature range are expected for accreting @arfs in AM CVn systems.

3) A third possible explanation could be differential gtational settling of various ele-
ments. Different elements have different diffusion timales. Depending on diffusion time
scales compared to the mass accretion rate, abundanceawfdiements could increase at
high accretion rates or decrease at low accretion rates a@upo the diffusion timescales
(Koester, 2009). Bildsten et al. (2006) pointed out that f@mtems with periods above 40 min
the nitrogen abundance will decrease in the atmosphere afitretor because settling is faster
than accretion. Therefore, systems with periods betwee®050in which already have low
accretion rates~10"'2M,yr—1) could be in the stage where settling is faster than aceretio
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in the case of calcium, whereas for magnesium settling i8esithan accretion. This would
lead to a depletion of calcium and to an enhancement of magnes the atmosphere of the
accreting WD. However, Koester (2009) showed that the ddfusme scales for calcium are
only slightly shorter than for magnesium.

In a comparison, good agreement is found for three of thedgstems between the mea-
sured orbital period and expected spectral features basether systems with a similar pe-
riod. The only system which shows a discrepancy betweenumedorbital period and ex-
pected spectral features is SDSS J1525, which has a spesimifar to SDSS J0129 but a
longer orbital period. One reason could be either a high rmessetor and/or a hot donor star
because a high mass accretor is heated to a higher tempeedateito compressional heating
(Bildsten et al., 2006).

3.5.2 Mass ratio of SDSS J0129

Patterson et al. (2005) calibrated the relation betweerogherxcess and mass ratie &
0.18¢ + 0.29¢°) on a series of measurements of eclipsing Cataclysmic ‘asatvhere only
KV UMa has a low ratiagy <0.05. For the extreme mass ratio regime this relation is niaice

In AM CVn systems, Roelofs et al. (2006b) found a large disanepdor the mass ratio
in AM CVn itself using either the empirical relation from Raton et al. (2005);€0.10) or
obtaining the mass ratio from the projected velocity armadkt and the phase of the accreting
white dwarf ¢ >0.18). Copperwheat et al. (2011) found agreement within tleedainties in
the eclipsing AM CVn system SDSS J092638.71+362402.4 betweemass ratio obtained
from the phase of the white dwarf eclipse and the mass ratarada from the relation from
Patterson et al. (2005). At this stage too few mass ratio&rmwen to confirm or reject this
relation for AM CVn systems.

3.5.3 Disc and bright spot temperatures

The single-slab LTE models with uniform density and temperaare a clear simplification of
the real environment in an accretion disc. Neverthelegsgtiod agreement between models
and observations for three out of four systems shows thdtuken the helium disc lines are
well fitted with the simplified models. This leads to the asption that the line emission
possibly occurs in a small, nearly isothermal, region indbeer layers of the disc. Under
the assumption of a fixed path lengthlefi®®cm and an electron density of #@m—!, similar
temperatures as Marsh et al. (1991) in GP Com are found. Falishéemperatures between
15000 K and 25000 K the flux ratio of the helium lines used hereather insensitive to
temperature variations. Therefore, this method can notsked for discs with temperatures
within this range. Contrary to the disc region, the flux rafrosn the bright spot region show
good agreement between models and observations in onlyystens This shows that the
LTE assumption with uniform density and temperature is mohgletely valid in the bright
spot region.
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Abstract. Kepler satellite photometry and phase-resolved spectroscoplyeofitracompact
AM CVn type binary SDSS J190817.07+394036.4 are presentkd.aVerage spectra reveal
a variety of weak metal lines of different species, inclgdsilicon, sulphur and magnesium
as well as many lines of nitrogen, beside the strong absorfities of neutral helium. The
phase-folded spectra and the Doppler tomograms revealveaw&4in emission in the core of
the Hel 4471 A absorption line at a period &, = 1085.7 + 2.8 sec identifying this as the
orbital period of the system. The Bj Mg II and the core of some Héines show an S-wave
in absorption with a phase offset bf0 + 15° compared to the S-wave in emission. Tha N
Sil and some helium lines do not show any phase variability aTakk spectroscopic orbital
period is in excellent agreement with a periodat, = 1085.108(9) sec detected in the three
yearKeplerlightcurve.

A Fourier analysis of the Q6 to Q17 short cadence data olitdigekeplerrevealed a large
number of frequencies above the noise level where the maghiows a large variability in
frequency and amplitude. In an O-C analysis we measu¢éd a 1.0x10"%ss! for some
of the strongest variations and set a limit for the orbitaiqubto be|P| < 10-%ss™!. The
shape of the phase folded lightcurve on the orbital periditates the motion of the bright
spot. Models of the system were constructed to see whetbgatthses of the radial velocity
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curves and the lightcurve variation can be combined to aresti@icture. However, from the
measured phases neither the absorption nor the emissidrecaxplained to originate in the
bright spot.

4.1 Introduction

AM CVn systems are a small group of mass transferring ultrg@mnbinaries with orbital
periods between 5.4 and 65 minutes. AM CVn systems consiswbfta dwarf (WD) primary
and a WD or semi-degenerate helium star secondary (Nelemas 2001a, see Solheim
(2010) for arecent review). They are important as strong;flequency, Galactic gravitational
wave sources (e.g. Nelemans et al., 2004; Roelofs et al. 200%sanke et al., 2012), the
source population of the proposed a.lad supernovae (Bilagtal., 2007), and as probes of
the final stages of binary evolution. Spectroscopicallys¢hsystems are characterized by a
deficiency of hydrogen, indicating an advanced stage ofrpiegolution. In the preceding
binary evolution two common envelope phases or a stable Ragheoverflow + one common
envelope formed a detached WD binary system at a periodhafurs. Gravitational wave
radiation decreased the orbital separation until the lagsrsecondary filled its Roche lobe
and mass transfer set in at an orbital period betwleenl 0 minutes. Some fraction of these
systems survived the ensuing direct impact phase to becah€vn systems (Nelemans
etal., 2001a; Marsh et al., 2004) depending on their massaatl the efficiency of the angular
momentum feedback. An accretion disc forms at an orbitabpdesf ~10 min and the mass
transfer stream hits the disc at the so-called bright spbe mass-transfer-rate drops as the
orbit widens and the system ends up as a more massive WD witktr@mely low-mass WD
(~ 0.01 My,) at orbital periods of0—60 min.

The number of known longer period systems,(P> 20 min) has seen a surge in recent
years due to large scale synoptic surveys such as SDSS (edergon et al., 2005, 2008;
Roelofs et al., 2005, 2009; Carter et al., 2014a), PTF (Lewtaad., 2011, 2013, 2014), and
most recently Gaia (Campbell et al. in prep.). The number @mnsystems at the short
orbital period end (B, < 20 min) is limited to five. The most recently discovered, supgulis
short period system, is SDSS J190817.07+394036.4 (her&mSS J1908).

SDSS J1908 was observed in the Sloan Digital Sky Survey ($BS8& relatively bright
(¢ = 16.08 mag) blue object. The system was labeled as a possible commpaator and in-
cluded by the Kepler Astroseismic Science Consortium (KASC}He survey phase at short
cadence in the Kepler Space observatory (Gilliland et 102 @stensen et al., 2011). A first
detailed study of the object based on short cadémgeer data obtained during quarter 3.3 is
presented in Fontaine et al. (2011), hereafter F11, whesastconcluded that SDSS J1908
is a high state AMCVn system, similar to the prototype systemM @Vn itself (see e.qg.
Roelofs et al., 2006b). From the spectroscopic analysis Baad that the system is seen
at an inclination angle betweenl@nd 20. The estimated mass transfer rate lies in the range
3.5 —8.5x107?M, yr—! and the distance to the system is in the ra2igie— 330 pc. The lumi-
nosity variations detected bi$eplerare dominated by a signal at a periodd88.507 s, along
with its first harmonic. In addition, a second modulationhadt period 0f953.262 s is seen.
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Table 4.1: Summary of the observations of SDSS J1908

Telescope/Date N, Exp. time (s)
Keplersatellite

2010/06/24 — 2013/05/11 1.3M 60
WHT+ISIS (R1200B/R1200R)

2011/07/03 — 2011/07/07 1875 60
GTC+OSIRIS (R2000B)

2011/09/15 —2011/09/17 369 60
Keck+ESI (Echellette mode)

2012/07/12 203 60
Keck+ESI (Echellette mode)

2014/06/01 4 900

The lightcurve, folded on th@38.507 s period, shows a shape which is very similar to the
superhump waveform found in AM CVn. In this picture §13.262 s modulation corresponds
to the orbital period, whereas th88.507 s modulation is the superhump period.

In AM CVn itself Skillman et al. (1999) were able to explain pthotometric periods in
terms of only 3 basic periods that correspond to the orbigailopl and two additional peri-
ods, most likely due to disc precession. F11 detected 1bgein theKeplerlightcurve of
SDSS J1908, and could also explain all 11 periods in termslgf®basic periods. However,
in that picture thé)38.507 s modulation corresponds to the orbital period, in conttaah to
finding that the waveform at that period looks similar to thperhump waveform in AM CVn.
Hence, the orbital period of SDSS J1908 remains ambiguous.

A spectroscopic identification of coherent radial velocibyanges is generally accepted as
the most direct way of establishing the orbital period of $ggtem. This formed the broad
motivation for the present study. Additionally, tKeplersatellite kept SDSS J1908 as a short
cadence target over the quarters Q6 to Q17, a total of 3 yaaranprecedented data set for
any ultracompact binary.

4.2 Observations and Data reduction

4.2.1 Photometry

We used the Q6 to Q17 short cadence data obtaineldpjer with a time resolution of
58.9 sec. The original pixel data were downloaded from thelé¢eData Archiveé, resulting in

1.3 million images in th&eplerband. There is a star only 5 arcsec away which contaminates
the extracted flux of SDSS J1908 in the standard-pipeliné.idfdntified this star as a G-star.
We used point spread function (PSF) fitting as implementetienPyKE tools provided by
the NASA Kepler Guest Observer Office (Still & Barclay, 2018)separate the lightcurves

http://archive.stsci.edu/kepler/
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of SDSS J1908 and the G-star. To correct for a linear trendezhiby the instrument the
lightcurve was normalised with a first order polynomial fit.

4.2.2 Spectroscopy

We obtained phase-resolved spectroscopy of SDSS J1908wwaights on 3 — 7 July 2011
using the William Herschel telescope (WHT) and the ISIS spgcaph (Carter et al., 1993).
The full data set consists of 1875 spectra taken with the RR2ating for the blue arm and
the R1200R grating in the red arm covering a wavelength rahg8@0 - 5070 A and 5580

- 6244 A respectively. All observations were done with a Isaecslit and 21 binning with
the binning of 2 in the spatial direction. This resulted iub-Width half-maximum (FWHM)
resolution of 0.92 A for the R1200B grating and 1.04 A for the IR grating. Each night
an average bias frame out of 20 individual bias frames wasnaad a normalised flatfield
frame was constructed out of 20 individual lamp flatfields. €ANarc exposures were taken
every hour to correct for instrumental flexure. Each expesuas wavelength calibrated by
interpolating between the two closest calibration expesuA total of 36 lines could be well
fitted in each arc exposure using a Legendre function of ofdessulting in 0.015 A root-
mean-square residuals. The best obtained signal-to-naige(SNR) per spectrum was 4,
whereas during July 5 we suffered from poor weather conbtend obtained only a SNR=1
per spectrum. This leads to a SNR~070 in the grand average spectrum. BD+28 4211 (Oke,
1990) was used as a spectrophotometric standard to fluxataithe spectra and correct them
for the instrumental response.

SDSS J1908 was observed over three nights on 15, 16 and 1&n8ept2011 using the
GTC and the OSIRIS spectrograph (Cepa, 1998). All obsenati@re done with an 0.8 arc-
sec slit and the R2000B grating which covers a wavelengtheraf@955 — 5690 A. Every
exposure was binnedx2 on chip. This set-up results in a full-width half-maximuRVWHM)
resolution of 2.65A. We obtained, each night, 20 bias fratoesonstruct an average bias
frame and 10 individual tungsten lamp flatfields to consteunbrmalised flatfield. A XeNe
lamp spectrum was obtained at the beginning of the run as tenas. About 15 lines were
fitted using a Legendre function of order 5, resulting in @v@ root-mean-square residual.
To save observing time, during the night about every 1.5 hHigtamp spectrum was taken.
This lamp has only three lines in the covered range but is gommdigh to account for small
shifts of the spectra during the nights. Additionally, thewslength calibration for each indi-
vidual spectrum was refined using sky lines. The average SNReandividual spectra was
around 30 (for a 60 s exposure), resulting in a grand avenagersim with a SNR>200. To
correct for the instrumental response L1363-3 (Oke, 19&a%) wsed as a spectrophotometric
standard. MbLLY? and IRAF routines were used to reduce the data obtained with the WHT
as well as the GTC.

2MoLLy was written by TRM and is available at http://www.warwiakiak/go/trmarsh/software/

3IRAF is distributed by the National Optical Astronomy Observiat®, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., undeoperative agreement with the National Science
Foundation
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To obtain both high resolution and high SNR spectra, SDS831#as also observed
over one night on 12 July 2012 using Keck and the ESI speapbgin Echellette mode
(R = ﬁ = 8000). The full dataset consists of 203 spectra. All observativere done
with a 1.0 arcsec slit. An average flatfield frame was made 600 individual flatfield
frames. CuAr arc exposures were taken every hour to correatgtrumental flexure. Each
exposure was wavelength calibrated by interpolating betvtae two closest calibration ex-
posures. MKEE* was used to reduce the data. The SNR of the individual speesadound
to be around 6 (for a 60 s exposure), resulting in a grand geespectrum with a SNR around
50.

Additionally we took 4 spectra on 1 June 2014 of SDSS J190&yuseck/ESI in Echel-
lette mode with an exposure time of 15 min each, for the spsctipic analysis of the aver-
age spectrum. An average flatfield frame was made out of 10Qichdil flatfield frames. A
HgNeXeCuAr lamp spectrum was obtained at the beginning afidiet as a master arc. M
KEE was used to reduce the data. The 4 spectra in combinatiorthettiata taken on 12 July
2012 resultin a SNR of about 110 for the grand average spactru

Table 4.1 gives an overview of all observations and theunséntal set-ups.

4.3 Methods

4.3.1 Spectroscopic period determination

To determine the orbital period the violet-over-red metlidtR) described in Nather et al.
(1981) was used for the spectra, following Roelofs et al. 2@D06a, 2007c) and Kupfer
etal. (2013). To maximise the SNR the ratios of the stronigelatm absorption lines (4387 A,
4471A, 4921 A and 5015 A) were summed. Lomb-Scargle (LSppegrams of the measured
violet-over-red-ratio as a function of the barycentricedatere computed. We note that all
times and phases in this analysis are in barycentric times.

The uncertainty on a derived period was estimated usingdbtstvap method. In a simple
Monte Carlo simulation 1000 periodograms were computed medch the highest peak was
taken as the orbital period (see Kupfer et al., 2013). A nurob869 spectra were randomly
picked out of the full sample of 369 spectra, allowing for adpum to be picked more than
once. The standard deviation on the distribution of the agegborbital period is taken as a
measure of the accuracy in the derived period.

4.3.2 Doppler tomography

In Doppler tomography (Marsh & Horne, 1988) phase-resobeltra are projected onto a
two-dimensional map in velocity coordinates. We refer teeghs (2003) and Marsh (2001)
for reviews of Doppler tomography. Emission features thatséationary in the binary frame
add up constructively in a Doppler tomogram while emisstluat is not stationary in the bi-
nary frame or moves on a period different from the orbitaiguewill be spread out over the

“http://lwww.astro.caltech.edutb/ipac_staff/tab/makee/
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Doppler tomogram. Therefore, Doppler tomograms are udefskparate out features that
move with a different velocity and/or different phase (ebgight spot and central spike). In
this analysis Doppler tomograms were computed using thevaoé package BrPLER and
were used to measure the systematic velocity and the welamplitudes of the individual
lines in SDSSJ1908. Absorption features were inverted freapas emission lines in the
Doppler tomogram analysis.

To measure the systematic velocity of the individual linesfallowed the approach in-
troduced by Roelofs et al. (2005). For a given trial wavelangtfeature in the spectra will
appear blurred in a Doppler tomogram if the "rest" wavelemigils not coincide with the trial
wavelength. We thus make Doppler tomograms for a range afwavelengths around the
rest-frame wavelength of the spectral lines and fit a 2D Gangse the emission feature in
every Doppler tomogram. For each line the height of the fijedt peaks strongly around
a certain wavelength. The maximum of a parabolic fit to thekgeaghts defines the "rest"
wavelength and therefore the systemic velocity. In the seeq Doppler tomograms account-
ing for the systemic velocity were computed. The center obaGaussian fit was calculated
for each line which was taken as the position of the spot.

4.3.3 Analysis of theKeplerlightcurve

For dynamical lightcurve analyses the discrete Fouriersfiam (FT) for theKeplerdata set
of our three lightcurve window were computed using a 200 ddigeng window of the data.
A block of 200 days of data has to be used to show a significgnakfor some of the weaker
periods in the FT.

Observed-minus-computed (O-C) diagrams are a powerfulth@blcan be used to refine
the periods and search for period variations. These diagc@mpare the timing of an event,
which in our case is the time of phase zero in the lightcungetlan an ephemeris (observed),
to when we expect such an event if it occurred at an exactlgtaoh periodicity (computed).
A linear trend in an O-C diagram corresponds to an incorregod, whereas a parabolic trend
is caused by a period derivative.

O-C diagrams were computed for the 5 strongest frequeneiesttd in SDSS J1908 (in-
cluding the frequencies identified as possible orbitalquiby F11), as well as the orbital
period to search for period variations. For the three sieopgriods 40, 92 and184 c/d) two-
week blocks of data were folded on a fixed period with a fixedg®int. For the less strong
periods (4,79 and111 c/d) two month blocks of data were folded on a fixed period waith
fixed zero-point.

For the frequencies which show a sinusoidal variation inptiese folded lightcurve
(90,92,111, 184 c/d), a sine curve was fitted to the folded lightcurve to abthie phasing.
For the other two frequencie®4, 79 c/d) a Gaussian was fitted to the phase folded lightcurve
and phase of the center of the maximum was measured. In thestegx we moved one
week forward in time and repeated the procedure to measarphase. This was done for
the full 1052 days of data. If the correct period is used no linear trendhefrheasured phase

SDoppPLERWas written by TRM and is available at http://www.warwiakiak/go/trmarsh/software/
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Figure 4.1: Average spectrum of SDSS J1908 obtained with the WHT, Keck and G&liurAl absorp-

tion lines of helium are indicatedJpper panel: Average spectra obtained by the WHT and the GTC.

Middle and lower panel: Gaussian smoothed normalised average spectrum obtained by Keck.
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metal lines (N1, Silii and Sit).



Chapter 4. Phase resolved spectroscopykamer photometry of the ultracompact AM CVn

92 binary SDSS J190817.07+394036.4
Q- _
<Bs E

o3 S ER

8 i ol 1]

- St /\ /\ ER

Q L r 1

'(__U 8 [ L0 2 /“\\ | L | | \/u\i 7

E | 78 80 82 |
o
2

m — —

O ‘ ‘ ! ‘ ‘ ‘ ‘ ) ) I ) ‘ ‘ ‘ I

50 100 150 200

Frequency (c/d)

Figure 4.3: LS periodograms of the GTC data using the red over violet wing flux ratio.stloagest
peak was chosen to be the correct period.

is expected. Therefore, a constant was fitted to each O-Gattimgnd they? value of the fit
was computed. To find the best period a parabola was fittectodmputed,? value and the
minimum was assumed to be the best period.

Note that the Kepler lightcurve is given in barycentric dolidate (BJD). Therefore we
computed BJDs for the spectroscopic data which allows usnwpeaoe the spectroscopic and
the photometric datasets.

4.4 Results

4.4.1 Average spectra
Helium absorption lines

The average spectra of SDSSJ1908 are shown in Fig. 4.1. Tdmgsabsorption lines of
neutral helium are clearly visible. Helium absorption 8rage seen in AM CVn systems during
dwarf-novae type outbursts, as well as in high state systathrbital periods< 20 min (e.g.
Roelofs et al., 2007b; Levitan et al., 2013). SDSS 1908 agpeay similar to the short period
systems AM CVn and HP Lib (Roelofs et al., 2006b, 2007b). The 6878 and 5875 A line
shows an emission core which is also observed in AM CVn itde#itterson et al., 1993).
The helium emission lines in AM CVn and HP Lib are much broade@ntin SDSS J1908,
indicating that the lines of SDSS J1908 show less rotatibraddening and the system is seen
under lower inclination, as also concluded by F11.
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Figure 4.4. Trailed spectra (top row) and maximum-entropy Doppler tomograms (bottorj abw
selected metal and Héines of SDSS J1908. The $j Mg 11 and Het 4713/5047 A absorption lines and
the Hel 4471 A emission core is shown. Visible is a phase offset between the emisglabsorption
features. The average line profile has been divided out to enhanacésthitity of the spot on the
Doppler tomograms.

Table 4.2: Velocities of the emission and absorption lines seen in SDSS J1908

Feature v K, K,
(kms™1) (kms™1) (kms™)

Helium absorption lines

Hel 4387/4921 23.74.4 - -
Hel 4713 25.:3.8 116.86.5 -23.34.5
Hel 5047 10.15.0 84.8t9.5 -35.3:7.3
Helium emission lines
Hel 4471 15.6-5.3 -111.26.8 36.8:6.6

Metal absorption lines
N 11 4601 - 4643 2.35.0 - -
Silll 4552/4567/4574  2F4.6 - -
Mgl 4481 1.6t5.5 109.6-9.3 5.6t7.1
Sin 5041/5055 6.25.8 100.:7.2 -10.4-7.6
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Figure 4.5: Fourier transform of the lightcurve obtained wKleplerof SDSS J1908.

Metal absorption lines

SDSS J1908 shows a variety of weak metal lines including abeurof nitrogen lines as well
as silicon and sulphur lines (see Fig. 4.2 for a selectionetaiiines). In contrast to the large
number of detected nitrogen lines, there is no evidencexXggen. The strongest dine in
the optical is the triplet at 7771-7775 A and the strongestl@es in the optical are 4649 or
4414 A. The strongest (C line in the optical is G 4267 A. This line might be visible just
above the noise level in the GTC data at an equivalent width 6f1 A. Table 4.9 gives an
overview of the detected lines with measured equivalenthsid

4.4.2 Kinematic analysis
Spectroscopic orbital period

Using the method described in Sec. 4.3.1 the LS periodoghamvsa clear peak at85.7 +

2.8 sec (19.58 +0.20c/d, 18.095 4+ 0.046 min; Fig. 4.3) in the spectroscopic data obtained with
the GTC. This period is in excellent agreement with a period&%.10(9) sec detected in the
Keplerlightcurve (see Sec. 4.5).

To test whether this period is indeed the orbital period, & and WHT spectra were
phase folded on th&epler period. Phase folded spectra and the Doppler tomograms were
computed and analysed following Sec. 4.3.2. Phase foldedtrspand Doppler tomograms
are shown in Fig.4.4. We find a weak S-wave in emission in tlre ob Hel 4471 A. The
helium lines He 4713/5015/5047 A, the 9i5041/5055 A and the Mg 4481 A lines show an
S-wave in absorption. The phase offset between the emibsgsand the absorption lines is
found to be oft 70 + 15°.

No line variation was detected for Hd387/4921 A, Sill 4552/4567/4574 A and N 4601
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Figure 4.6: View around the peak &at9.6233 c/d in the Fourier transform of thi€epler lightcurve.
Shown is the position of the spectroscopically determined orbital periothéddge) with its error
(dotted lines).

- 4643 A. However, the helium lines show a different systewgitocity than the silicon and
nitrogen lines. See Tab. 4.2 for an overview of the measueatities.

The GTC and WHT data were also folded on different periods sed@ Fourier transform
of the Kepler data. However, no variations can be seen in any other peifdel.therefore
conclude thal085.10(9) sec is the orbital period of SDSS J1908.

4.4.3 Lightcurve variations

We find no strong variation, such as dwarf novae type outbunssuperoutbursts, in the nor-
malised lightcurve.

To determine and refine the periods in SDSS J1908, and tohsé&arpossible periodic
variations in the close-by G-star, we used the disentantd&@ days lightcurve obtained by
theKeplersatellite. Fourier transforms (FT) of the lightcurves fottbobjects were computed.
No periodic variations were detected in the G-star over thguency range-250 c/d. This
shows that even if the photometric disentangling is notqenfio influence of the position or
occurrence of periods detected in SDSS J1908 is expectexhte from the G-star.

Figure 4.5 shows the FT of the full lightcurve for SDSS J190& use the mean value of
the FT amplitude spectrum of the full data set to approxintag¢esignificance on the ampli-
tudes in Fourier spaceégrmean = 14 ppm. We adoptioprmean = 52 ppm as the threshold of
significance of the peaks in the FT amplitude spectrum. &éperaks ranging from periods
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of 196 sec up tol221 sec can be identified in the FT of the full lightcurve. We findtal of
42 signals well above the noise level in the FT amplitude spectr

For stable frequencies, pre-whitening the light curve leyttlyghest peaks in a FT removes
most power in that region and allows for a relatively simpi&action of the periods presentin
SDSS J1908. However, none of the peaks in the FT of SDSS JH0Becpre-whitened in the
standard way, because most frequencies show a variahitityeifrequency and therefore a pre-
whitening of the strongest does not completely remove theemhape but leaves a new peak
at slightly different frequency as the pre-whitened peade Sec. 4.5 for further discussion on
the stability.

Figure 4.6 shows the periodogram of tkeplerlightcurve at the position where the spec-
troscopic orbital period was detected. We find a single peak0&234 c/d and therefore
confirm that the orbital period is also visible in theplerlightcurve.

Besides the strong periodic variations some intriguinguiesst can be seen in the Fourier
transform which were also notified by F11. Below a frequencglmdut20 c/d the noise is
strongly increasing as shown in Fig.4.7. This feature isse@n in the G-star and therefore
expected to be a real feature in SDSS J1908 and not caused bgttillite. Those variations
are due to low-frequency variations on timescales of haudays and are well known from
cataclysmic variables and from accreting low mass X-rapif@s as a sign of accretion (van
der Klis, 2005; Scaringi, 2014).

Patterson et al. (2002) discovered a quasi-periodic asiall (QPO) in HP Lib at a fre-
guency of280 — 320 c/d. We discover a similar QPO in SDSS J1908 at a frequenchaita
200 — 230 c/d corresponding to a period 6 7 min (see Fig. 4.8).
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Table 4.3: Overview of the periods measured from O-C diagrams

Feature Frequency (1/d) Period (sec)

Py 75.093(5) 1150.56(5)
Pou, 79.623(3) 1085.10(9)
Py 90.633(5) 953.29(0)
Py 92.066(1) 938.45(6)

Py 111.980(5) 771.56(3)
Pigy 184.132(6) 469.22(7)

4.5 Periodic stability

We found a large number of frequencies which show severakedhy peaks in the FT. This
means that the system shows either several periods witlasistable frequencies or one
single frequency shows frequency variability in time (Ed). Figure 4.9 shows the strongest
variation detected in the lightcurve of SDSS J1908 at a feaqy of P = 184.1326 c¢/d which
shows a strong frequency variability.

Figure 4.10 shows the discrete Fourier transform amplispaetra for the Kepler lightcurve
data set, created following Sec. 4.3.3. We show the amglisp@ctra for the spectroscopic or-
bital period as well as the five strongest peaks in the FT ofutéghtcurve.

For the first half year of observations the spectroscopimgdes not above the noise level
in the FT. After half a year the amplitude of the orbital pdrincreases and stays well above
the noise level over the full observing period. During th&t kzear of observations the signal
strength reaches its maximum with an amplitude-of 50 ppm @nd panel in Fig.4.10). A
variable strength in the signal of the orbital period in tHei$also observed in AM CVn itself
(Skillman et al., 1999).

The frequencies arounib.09 c/d and111.98 ¢/d (1st and4th panel in Fig.4.10) are vis-
ible over the full observed period with a constant strendth-a330 ppm for 75.09 ¢/d and
~ 560 ppm for111.98 c/d. Both periods show no significant frequency variations.

The frequencies aroun®l.63 and 92.06 c/d show amplitude and frequency variations
(3rd and4th panel in Fig.4.10). The frequency variations99f63 c/d moves opposite to
the frequency variation 0§2.06 c/d. The signal ab0.63 c/d becomes strongest at around
BJD—2454833 = 1200 days and shows an amplitude ©f 700 ppm. The signal a90.63 c/d
becomes strongest at around BJBI54833 = 1000 days and reaches an amplitude ~of
720 ppm.

The strongest frequency at arouiglt.13 c/d (6th panel in Fig. 4.10) shows a strong fre-
guency and amplitude variability. After about one year thgpktude reaches its maximum
with an amplitude ok~ 3350 ppm. After about anothe200 days the frequency splits up and
almost disappears before it reaches a large amplitude.again

In particular in the panel with the orbital periogh@d panel in Fig. 4.10), many frequencies
can be seen which show a similar amplitude but are only adiin a few weeks/months and
therefore are below the detection threshold in the FT of thidi§htcurve. For example, in
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the 2nd panel of Fig.4.10 a peak starts to appear at about-Badp4833 = 1020 days at a
frequency of aroun@9.66 c/d and stays for about 150 days. This peak has a similar ardel
as the orbital period. However, because of the short duraliis peak does not appear in the
FT of the full lightcurve. Several more examples of frequesavhich are only visible for a
few weeks/months can be find over the full frequency rangerdfbre, we do not provide a
list of the detected frequencies but provide the de-treridiédeplerlightcurve in electronic
form with this paper.

To refine the orbital period and derive the variability of five strongest frequencies O-C
diagrams were computed. The analysis of the O-C diagramslaras following the method
outlined in Sec. 4.3.3. The O-C diagram for the peak&dtc/d was best reproduced with a
period of Pig, = 469.22(7) sec. The O-C diagrams for the lower frequency peak¥) atnd
92 c/d were best fitted with a period ¢}, = 938.45(6) sec andPy, = 953.29(0) sec respec-
tively. The two other frequencies detectedétand111 c/d were best reproduced with a period
of P13 = 771.56(3) sec andP;, = 1150.56(5) sec. The orbital period can be best reproduced
with a period ofP,,;, = 1085.10(9) sec. Table 4.3 summarizes the periods measured from the
O-C diagrams.

All six periods should be seen as average periods over theliserving period. Fig-
ure 4.11 shows the derived O-C diagrams. In particular theg®ds (54, Py2 and Pyy) show
strong variations up t¢P| ~ 1.0x1078ss ! over the observed timescale of 1052 days. Skill-
man et al. (1999) found a similar variation with similar sigéh in AM CVn itself in the su-
perhump period. The other three period3;(, P-4 and P,,;,) show short term variations but
no strong parabolic trend over time.

4.6 Phase-folded lightcurves of the periodic signals

The Kepler lightcurve was phase-folded on different periods and thespHolded lightcurve
was computed. Figure 4.12 shows the phase-folded lightsuo¥ the five strongest varia-
tions in the FT as well as the spectroscopic orbital periodhe $trongest can be seen at
Pigy = 469.22(7)sec. The amplitude of this variation is about 5 times strorigan the
second strongest variation Bt;; = 771.56(3) sec. The variations dt, = 953.29(0) sec and
Py, = 938.45(6) sec also show sinusoidal variability. The latter one is suggosed with the
strong first harmonids,. The period atP;, = 1150.56(5) sec shows two maxima whereas
the first one is about twice as strong as the second one. Thallsteape of the phase-folded
lightcurve for P-4 looks similar to the superhump period found in HP Lib (Pateret al.,
2002).

The phase-folded lightcurve folded on the spectroscoitaperiod ¢, = 1085.10(9)
sec; Fig.4.12, lower left panel) shows a flat part followeddnyincrease and decrease in
luminosity covering half of the orbit. Levitan et al. (201dnesented a similar lightcurve for
PTF1J071912.13+485834.0.(;, = 1606.2 4+ 0.9sec). They concluded that the increase in
luminosity is most likely caused by the bright spot rotatingand out of the line of sight on
the side of the accretion disc. We calculated the ephemémsenthe zero phase is defined as
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Figure 4.12: Mean folded lightcurve of the five strongest variation in the Fourier taansfs well as
the spectroscopic orbital period.
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when the lightcurve folded on the spectroscopic orbitaiqaereaches its flux maximum:

BJ Dy = 2455820.006744(2) + 0.0125591(27)AE (4.1)

4.7 Discussion

4.7.1 Metal absorption lines

Lines of various metals, like nitrogen, oxygen or carbonlsamsed to trace the evolutionary
history of the system. Different abundance ratios link féedént donor types. A high nitrogen
to carbon/oxygen ratio is expected for a helium WD donor, whsera helium star donor is
expected to show higher carbon and oxygen abundances (Aietseshal., 2010).

Kupfer et al. (2013) discovered strong absorption lines afgnesium and silicon in the
three systems known to have orbital periods betwget0 min. In the long period system
GP Com, absorption lines of nitrogen were detected as welpfgfuet al. in prep). So far,
metal absorption lines have not been observed in shortgaegetems. SDSS J1908 is the
first high state system which shows a variety of metal lineduding Nit, St/ and Si, in
absorption. Silicon as well as the sulphur lines can be usdrhaer for the initial metalicity
since their abundances are not supposed to be affected lansgnthesis processes during
binary evolution. Remarkable is the detection of a large remolb N 11 lines and the absence
of oxygen and carbon lines. This might favour a helium whisead donor in SDSS J1908.
However, this is only a qualitative statement, a detailegndlance analysis is necessary to
prove the helium white dwarf nature of the donor star.

4.7.2 Change of the orbital period

AM CVn type systems that passed the period minimum are exgpe¢ctehow an increasing
period, P > 0 (Marsh et al., 2004). In an O-C diagram an increasing perfaivs up as
parabolic trend. We do not detect an overall parabolic tiaride O-C diagram of the orbital
period (Fig. 4.13) but can set a rough limit on tHe

A formal fit to the data shown in Fig. 4.13, results ifPa= 9.6 x 10-*'s s'1. For illustrative
purposes we overplotted the expected signaFeit0'-10-s s ™!, A conservative estimate
rules out any orbital variations 10-°s s,

4.7.3 Origin of the photometric variations

A Fourier analysis of the Q6 to Q17 short cadence data olutdigekepler revealed a large
number of frequencies above the noise level with most of thleawing a large variability in
frequency and amplitude. Some periods (elL&.13 c/d) are visible over the full observing
period, whereas many periods are only visible for a few wiegsths.

In combination with phase resolved spectroscopy we were takidentify the orbital pe-
riod P,;, = 1085.10(9)sec. The shape of the phase folded lightcurve at the pédtipd=
1150.56(5) sec looks similar to the superhump period found in HP Libt@?abn et al., 2002).
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Figure 4.13: O-C diagram of the orbital evolution in SDSS J1908. Overplotted are cédcufa-C
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ThereforeP;, corresponds most likely to the positive superhump periddi$S J1908. This
result leads to a period excess= Psh Orb) of e = 0.0603(2), which is higher than observed
in AM CVn (e = 0.0219) and HP Lib é = 0.0148). Patterson et al. (2005) found an empirical
relation ¢ = 0.18¢+0.29¢°) between the period excess and the mass ratio %) for alarge
number of hydrogen rich dwarf novae. Here, a mass ratio f@SD1908 of=0.33 using this
relation is obtained, which is much larger than found in AM Gigelf (Roelofs et al., 2006b).

The shape of the phase folded lightcurve on the pefigd= 938.45(6) sec and the O-C
diagram looks like the variations found for the superhumgpggein AM CVn itself (Skillman
et al., 1999). Additionally, in AM CVn the strongest variatiom a FT diagram corresponds to
the first harmonic of the superhump period which is also tise ¢ar theP,, period. If Py, is
the negative superhump period, this would lead to a verelpeyiod excess = 0.1351(5)
which was to our knowledge never observed in a system withitewdwarf accretor. Addi-
tional explanations foPy, with its first harmonic could be the rotational period of theite
dwarf. However, it is very unlikely that the rotational pmatiof the accreting white dwarf
shows strong period variations as found in the O-C diagrarastbe course of 3 years.

So far, we have only explained the origin of some of the steshgariations detected in the
FT of SDSSJ1908. The majority of observed frequencies inSIMV08 remains puzzling.
Additional sources for variability which are visible ovéretobserved period of about 3 years
could be the rotational period of the accretor, pulsatiariseé accretor or variability in the disc.
The first one can only explain a small number of additionalqusr detected in SDSS J1908
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Figure 4.14: Comparison between the phase folded lightcurve at the orbital period angkbcity
variations of the He 4471 A emission line (solid line) and the average of the absorption lines (dotted
lines) using the same ephemeris

because there is only one rotational period of the accréhar latter two could possibly explain
a large number of periods as well as the appearance of fregasarwhich are only visible for
a few weeks/months.

Hermes et al. (2014) found a large number of variations witlsgtion periods between
828.2 - 1220.84 s in the pulsating DAV white dwarf GD 1212. Some pulsation$in 1212
show a large frequency variability similar to what we find 8DSS J1908. Pulsating DB
white dwarfs (V777 Herculis stars) have effective tempeed betweef1 500-29 000 K and
show small amplitude variations and pulsation periods betw00-1100 sec (Corsico et al.,
2012). Although these systems show frequency-stablehibtyaall of our unexplained peri-
ods fall in that period range and therefore might be expldawith pulsations of the accretor
which would be the first amongst the AM CVn systems. Alterr&yivthe variability of the
frequencies and amplitude can be explained by variabilithé disc of SDSS J1908.

4.7.4 Origin of the emission and absorption features and structure of the
system

We found two different variations in the spectroscopic d&ame of the helium lines (He
4713, 5047 A), the Si and the Mg! lines show a variation in absorption which moves with
an offset of1 70 & 15° to the emission feature seen in the core of the #4471 Aline.

To test whether the absorption or emission feature are ddaysmotion of the bright spot,
the donor or the accretor we compared absorption and emiisis to the variation in the
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lightcurve folded on the orbital period.

In Fig. 4.14, we present a binned, phase-folded photomighécurve together with the
radial velocity curves of the emission from the H&71 Aline and the absorption lines. The
radial velocity curve and the phase-folded photometristtgrve was folded on the ephemeris
given in equation 4.1. The maximum in brightness appeatseadme phase when the absorp-
tion feature is most blueshifted. The maximum redshift & Hel 4471 emission feature
appears just after the brightness maximum. In the folloywwngdiscuss different scenarios to
see if the phase offset between the lightcurve and the ragliatity curves can be explained.

1) Bright spot: The variation in the lightcurve at the orbital period is cadiby the bright
spot. The maximum in brightness corresponds to the poinnwhe bright spot is pointed
to the observer. Levitan et al. (2011) found for PTF1 J071P3:2485834.0 a similar shaped
photometric variation on the orbital period and showed thatmaximum brightness happens
when the radial velocity curve of the hot-spot crosses fraim{io redshifted, hence when the
hot-spot is closest to us. Neither the emission feature m®absorption lines are closest to
us during maximum brightness and a similar explanation a®16-1 J071912.13+485834.0
fails.

2) Reflection effect: The variation in the lightcurve at the orbital period is cediby a
reflection effect of the irradiated side of the donor stare Tiemisphere of a cool donor star
facing the accretion disc is heated up by the significantlyen@ccretion disc. This causes a
variation in the lightcurve. More(less) flux is emitted iktirradiated hemisphere of the cool
donor star is faced towards (away from) the observer. Themrmanr of brightness corresponds
to the point when irradiated side of the donor star pointsatols to the observer.

3) Gravity darkening: The variation in the lightcurve at the orbital period is cadiby
gravity darkening on the highly deformed side of the donar.sThe hemisphere of a cool
donor star facing the accretion disc is highly deformed &edadius is much larger compared
to the back side of the donor star which is not deformed. Assaltethe back side of the
donor star has a higher surface gravity, and thus higherdeatyre and brightness as well.
The maximum of brightness corresponds to the point when bigiekof the donor star points
towards to the observer.

For all three scenarios we find no satisfying solution wheseabvious feature (e.g. bright
spot, donor star or accretor) is expected to be seen at tieevalasphases for the emission and
absorption lines.

Additionally, some helium lines (He4387, 4921 A), the M and the Siil lines show no
variation on the orbital period at all which means that thayehto originate close the center
of mass. In a typical AM CVn type system, the center of massasecto the accreting white
dwarf and the inner hotter parts of the accretion disc. Iddke excitation energy for N and
Sitn is similar (~ 18-19 eV) and much higher than the excitation energy af &nd the Mg
(~ 8-10eV). Therefore the origin of the N and Silll lines could be in a distinct region in
the inner hotter disc where the orbital motion is below ouedgon limit and the origin of the
Sill and the MgI could be in a distinct region in the cooler outer region ofdise where the
orbital motion is higher.
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4.8 Conclusions and Summary

The average spectrum shows strong helium absorption lipgisal for an AM CVn seen in
high state. Additionally, a variety of weak metal lines offelient species are detected. The
phase-folded spectra and the Doppler tomograms reveal kadocity variations at a period of
P, = 1085.74+2.8 sec which is in excellent agreement with a perio®at = 1085.10(9) sec
detected in the three yeKeplerlightcurve. Therefore, we identify,,;, = 1085.10(9) sec as
the orbital period and prove the ultracompact nature of SIISH8.

A Fourier analysis of the Q6 to Q17 short cadence data oltaigethe Kepler satellite
revealed a large number of frequencies with strong vartgl frequency and strength. In an
O-C diagram we show that some periods show a strong vatiabikilar to the superhump
period of AM CVn itself. Some of the phase folded lightcurvésliéferent periods show an
overall shape similar to what is found for the superhumpquriof HP Lib and AM CVn.
Although some periods show very similar overall shape andtrans in an O-C diagram
compared to other high state systems, we are not able tafidanambiguously the negative
or positive superhump in SDSS J1908.

The phase folded lightcurve on the spectroscopic orbitabdeshows a flat part followed
by an increase and decrease in luminosity covering halfeobthit. Levitan et al. (2011) found
for PTF1J071912.13+485834.0 a similarly shaped photocnriation on the orbital period
and showed that the variation is caused by the orbital petitmvever, in a comparison be-
tween the observed phases of the emission/absorptionditeeghe variation in the lightcurve
we are not able to match the emission or absorption to anyabveature in the binary such
as the bright spot, the accretor or the donor star. Therefi@éocation of the spectroscopic
variability remains undetermined.
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4.9 Appendix

Table 4.4: Measured equivalent widths in (mA) and limits of disc emission and photoisgiesorption
lines

EW(mA) EwW@mA) EW (mA)
Line WHT GTC Keck
Heil 4009/4026 @ 3387+ 15 4373+ 25
Hel 4120/4143/4168 3364+ 18 4239+ 24
Hel 4388 2511426 3031416 1437+18
Hel 4437/4471
Mg i 4481 46154+ 23 4692+ 24 2880+ 24
Siln 4552 151+ 14 89+ 11 83+ 8
Silll 4567 47+ 8 34+ 10 128+ 14
Sil 4574 19+ 7 19+ 9 X
N1 4601 125+ 14 87+9
N 11 4607 102+ 12 128+ 13 83+ 10
N1 4613 83+ 16 31+9 39+ 8
N1 4621 154+ 18 98+ 11 90+ 11
N 11 4630 118+ 10 111+ 12 146+ 13
N 11 4643 71+ 9 65+ 9 91+ 14
Hell 4685 47+ 13 21+ 6 -19+6
Hel 4713 1251424 932+ 19 1012+ 17
N1 4779 X 25+ 5 57+ 12
N 11 4788 X 26+ 6 56+ 11
N 11 4803 X 23+ 5 92+ 10
Sil 4828 X 31+ 8 X
Hel 4859 X 45+ 10 b
Hel 4910/4921 365126 2499+ 21 26064 24
N 11 5001 - 5015
Hel 5015 1083+ 23 1514+ 24 1182+ 19
Sin 5041/5056
He| 5047 836+ 26 1254425 712+ 22
Sii 5606 a a 38+ 9
Si 5639/5640 a a 65+ 12
S 5647 @ @ 29+ 8
N 11 5666 @ @ 87+ 13
N 11 5676/5679 a a 92+ 10
N 11 5686 a a 73+£9
N1 5710 a a 71+9
Hel 5875 a a ¢
Hel 6678 @ @ 908+ 24
Hel 7065 a a 804+ 26
Hel 7281 a a d

Lines marked with an X indicate that this line is not detelgai the spectrum obtained
@ Spectrum does not extend to this wavelengthine present but insufficient SNR to measur@&lended with
Na-D lines,? Line present but contaminated with atmosphere.
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Abstract. We present time-resolved spectroscopy of the AM CVn typerl@sasP Com and
V396 Hya. Medium-resolution spectra covering 0.3721» were secured using the VLT/X-
Shooter instrument, while the VLT/UVES echelle spectrpbrprovided high-resolution data.
The spectra are dominated by broad helium emission lines fhe accretion discs in these
systems. We resolve the kinematics of the line6.8km s™! accuracy, sufficient to map the
kinematics of the central sharp emission components inrbe that were previously reported.
We find that these spikes trace the accreting white dwarf.

A large number of nitrogen and neon lines were detected irsgon and absorption. We
show that the narrow emission lines of neon and nitrogem seleoth systems, as well as the
nitrogen absorption lines seen in GP Com, are also linkedgt@atlereting white dwarf as they
show the same phase and velocity amplitude as the centkaissipi the helium lines.

Doppler tomograms reveal a strong accretion disc bright gjithh a faint secondary bright
spot at an~120-degree phase-offset to the first bright spot. From tlesgdh and amplitudes
of the central spikes and the primary bright spot, as welhagpeak-to-peak velocities of the
double peaked helium disc emission lines, we derive limitshe component masses and the
inclination angles in both systems.

The mean velocities of the central spike show variationsftioe to line, ranging from-5 to
+53 km/s. Compared to calculated line profiles that include Stadadening we are able to
explain the displacements, and the appearance of forbidekum lines, by additional Stark
broadening of emission in a helium plasma with an electrarsiten, ~ 5 x 105 cm™3,
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In a comparison of the narrow emission lines to rotationbliyadened synthetic spectra we
can exclude fast rotational velocities of the accretor.

5.1 Introduction

Accretion onto white dwarfs in cataclysmic variables (CVsjnenonly proceeds via Roche-
lobe overflow of hydrogen-rich material from a main-seqeetype donor star. A small
number of systems have been identified with hydrogen-deficikegenerate, donor stars; the
AM CVn systems (see Solheim, 2010 for a recent review). Thesems consist of a white
dwarf (WD) primary and either a WD or significantly evolved setegenerate helium star
companion (e.g. Nelemans et al. 2001). Observationally #re characterised by a high
deficiency of hydrogen and short orbital periogsl(hour), indicating an advanced stage of
binary evolution.

Since the identification of the prototype, AM CVn, as a senmadeed pair of degener-
ate dwarfs (Smak, 1967; Pad¢mki, 1967; Faulkner et al., 1972), over 40 additional syste
and candidates have been identified. Confirmed orbital peraxge from 5-65 minutes (e.g
Nather et al., 1981; O’'Donoghue et al., 1987, 1994; Ruiz ¢@D1; Woudt & Warner, 2003;
Roelofs et al., 2005, 2006a, 2007c; Anderson et al., 2009;2R0elofs et al., 2010; Levitan
et al., 2011; Kupfer et al., 2013; Levitan et al., 2013; Caeteal., 2014b). AM CVn binaries
are important as strong, low-frequency, Galactic graatetl wave sources (e.g. Nelemans
et al., 2004; Roelofs et al., 2007d; Nissanke et al., 2012) sthurce population of the pro-
posed ".1a" supernovae (Bildsten et al., 2007), and as probie dinal stages of low-mass
binary evolution.

Over the last ten years, in a large campaign using the SlogitaDEky Survey (SDSS;
York et al. 2000) Roelofs et al. (2005, 2007c); Anderson €405, 2008); Rau et al. (2010);
Carter et al. (2013) and Carter et al. (2014a) built up the @djmud of AM CVn systems and
significantly increased the number of known systems. Adiily, synoptic surveys such as
the Palomar Transient Factory (PTF; Law et al., 2009) hade@d similar number of systems
(Levitan et al., 2011, 2013, 2014). The recent increaseerptipulation from photometric,
spectroscopic, and synoptic surveys allows the derivatifopopulation properties such as
the orbital period distribution or the presence or abselfigpectral features as a function of
evolutionary stage (Ramsay et al., 2012; Levitan et al., ROlbdetermine the orbital period,
and detect variations in the spectrum over the orbital pephase-resolved spectroscopy is
needed (e.g. Roelofs et al. 2005, 2006a; Kupfer et al. 201iBpuayh Levitan et al. (2011)
showed that the photometric period may be tied to the spsmdpc period for some systems.
This is not valid for all systems. GP Com shows variabilityhe tight curve which is not tied
to the orbital motion (Morales-Rueda et al., 2003a).

Several formation channels have been proposed for thetensysa double white dwarf
channel (Tutukov & Yungelson, 1979), a channel in which tbaads are low-mass helium
stars (Savonije et al., 1986; Tutukov & Fedorova, 1989; “alsgn, 2008), and one with
evolved post-main-sequence donors (Thorstensen et @2; Rbdsiadlowski et al., 2003).
Depending on the importance of the various channels, ptpnlaynthesis calculations have
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suggested that the AM CVn stars could be as abundant as theggydrich CVs (lben & Tu-
tukov, 1991; Nelemans et al., 2001a). However, in a calibmadf the space density based on
the SDSS data actual numbers are much lower. The most reoekd tay Levitan et al. (2015)
and Carter et al. (2013), building on the work by Roelofs etZ00{d) find a space density, at
the position of the Sun, &f x 107 pc3.

In this paper we present high-resolution optical spectpgof the AM CVn systems GP
Com (Nather et al., 1981) and V396 Hya (Ruiz et al., 2001). Thesesystems have rel-
atively long orbital periods (46 and 65 minutes) and reprgsevolutionary speaking, the
bulk of the AM CVn systems, which should be long period, low smaansfer-rate objects
(~ 1072M,yr=1). In these systems, the mass-transfer-rate was thought teelow the
threshold for accretion disc instabilities to occur (Heds Osaki, 1990), and indeed no out-
burst has so far been reported for GP Com or V396 Hya. Howeaaantly three AM CVn sys-
tems with orbital periods around 48 min were discovered bee®f their outburst behaviour
as well as their characteristic double peaked helium digssam lines in their spectra (Woudt
et al., 2013; Kato et al., 2014; Rixon et al., 2014).

GP Com has been observed extensively, and shows erratigfiarmptical, UV (Marsh
et al., 1995) and X-ray (van Teeseling & Verbunt, 1994) wawvels, which is attributed to
the accretion process. One of the more intriguing speatia@ufes is the presence of sharp,
low-velocity components in the optical helium emissiorebn The fact that these ‘central
spikes’ contribute to the flare spectrum and follow a low-&tuage radial velocity curve as a
function of the orbital phase suggests an origin on, or riarwhite dwarf accretor (Marsh,
1999; Morales-Rueda et al., 2003a). In an attempt to undetstee origin of the peculiar
spike, which has become ubiquitous in AM CVn stars (Roelofd.e2805, 2006a, 2007c)
but which, for some reason,has never been observed in hgainach accretors, we secured
echelle spectroscopy of GP Com and V396 Hya. High-resoludfmectra allow us to fully
resolve the kinematics of the line profiles in general, arartbentral spikes in particular.
In Section 5.2 we first discuss the observations and datectiedu Section 5.3 describes
the analysis of the observed kinematics of the emissiors lifgection 5.4, finally, discusses
the interpretation of the spikes and the physical parametercan derive from the observed
kinematics in these two binaries.

5.2 Observations and Data reduction

5.2.1 VLT/UVES observations

We employed the UV-Visual Echelle Spectrograph (UVES) ntedron the Unit 2 telescope
of the ESO-VLT array at Cerro Paranal, Chile. The data weramddan visitor mode during
the night of April 7/8 2002. The instrument was configured ichdoic mode (dichroic #2)
permitting simultaneous data acquisition from both the aed blue cameras. No pre-slit
optics were put in the beam. Instead atmospheric dispersasminimised by maintaining
the 1’ wide slit at the parallactic angle throughout the night. @alllue camera, a 2048x4096
pixel EEV detector covered 3826-5053A in 29 echelle ord&ise chip was read out using
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Table 5.1: Summary of the observations of V396 Hya and GP Com

System Tele./Inst. N, Exp.time (s)
V396 Hya
2002-04-07 VLT/UVES 28 360
2010-02-18 VLT/X-Shooter  3f 900
GP Com
2002-04-07 VLT/UVES 110 120
2010-02-18 VLT/X-Shooter 45 60

1 port and 2x3 on-chip binning to reduce read-out time to 28shis mode, a binned pixel
corresponds to 4.5 km/s along the dispersion axis and &msiied resolution profile of 1.7
pixels. The red camera detector system consists of two 2m8xpixel CCD detectors, an
EEV device covering 5763-7502A in 24 orders and a red opéichMIT-LL chip covering
7760-9462A in 15 orders. Both chips were readout in 32s uspartleach with 2x3 on-chip
binning. The pixel scale corresponds to 3.6 km/s after bigni

Frames were first de-biased using a median of 9 bias expodaraddition, any residual
bias contribution was subtracted using the overscan afdhe three CCD detectors. The or-
ders were extracted using teeHomoPechelle package (Mills et al., 2014). Flat field correc-
tion was performed using the median of a series of well expptisegsten flat field exposures
obtained during the day. The individual orders were tracadl @rofile weights were deter-
mined for optimal extraction (Horne, 1986). Target expesuwere then optimally extracted
after subtracting the sky background. In addition, the sproBle weights were used to extract
a suitable ThAr exposure as well as the median flat-field frahie wavelength scales were
determined by fitting 4-6 order polynomials to referencediim the extracted ThAr spectrum,
delivering RMS residuals of0.6 km/s. The object orders were blaze corrected by divigfon
a smoothed version of the extracted flat field spectrum. @Gndere then merged into a single
spectrum using inverse variance weights based on photastisg&to combine overlapping
order segments. Finally, the merged spectra were flux eaiirusing wide slit exposures of
the B-star flux standard HD 60753.

For the red arm data, we also performed a correction for th&iteabsorption features.
Spectra were first aligned by cross-correlating with thieitiel standard. This corrected small
wavelength shifts and corrections were found to be less hkem/s. The telluric features
in each spectrum were then removed as far as possible bytiadjtise depth of the telluric
template.

5.2.2 VLT/X-Shooter observations

GP Com and V396 Hya were also observed using the medium regsolspectrograph X-
Shooter (Vernet et al., 2011) mounted at the Cassegrain fatdse Unit 2 telescope of the
VLT array in Paranal, Chile during the night of 2010-02-18 a& pf the Dutch GTO program.
X-Shooter consists of 3 independent arms that give simeidtas spectra longward of the at-
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mospheric cutoff (0.3 microns) in the UV (tH&JVB” arm), optical (thé¢'VIS” arm) and up to
2.5 microns in the near-infrared (tH&IIR” arm). We used slit widths of 1700.9" and 0.9

in X-Shooter’s three arms and binned by 2x2 in the UVB and W8saresulting in velocity
resolutions of 14kms!, 7kms! and 11 kms! per binned pixel for the UVB, VIS and NIR
arm respectively. The reduction of the raw frames was caedugsing the standard pipeline
release of Reflex (version 2.3) for X-Shooter data (Freuddirgd., 2013). The standard recipes
were used to optimally extract and wavelength calibraté spectrum. The instrumental re-
sponse was removed by observing the spectrophotometnidasthstar EG 274 (Hamuy et al.,
1992, 1994) and dividing it by a flux table of the same star twlpce the response function.

Table 5.1 gives an overview of all observations and theunséntal set-ups.

5.3 Analysis

5.3.1 Average spectra

We present the time averaged spectra of GP Com and V396 Hyaib.Ej illustrating the
striking similarity between the spectra of these two systefme familiar triple peaked helium
emission lines dominate the spectra. The high-resolupeatsa obtained with UVES nicely
resolve the central spike feature in both systems (lowepkfiel Fig. 5.1). We measured the
line equivalent widths (EW) for a number of prominent linesalhspectra. In Table 5.2 and
5.3 we list the ranges of EWs observed together with their nvelre. Large intrinsic EW
modulations are detected in all lines throughout our obsgmun. In the case of GP Com, the
measured EWs from UVES and X-Shooter are consistently snthl@ previously reported
values (e.g. Marsh et al., 1991). Thus, on top of short timlesitaring activity, GP Com also
displays significant variability on longer timescales. B38/a shows very similar variations,
with EW variations close to a factor of two for UVES. We cakuel flare spectra according to
the methods described in Marsh et al. (1995) and find thattim 8® Com and V396 Hya the
continuum as well as the disc and spike components of the Gostribute to the flaring. As
discussed in Marsh (1999) and Morales-Rueda et al. (2003a)strongly suggests that the
spike originates at or near the accreting dwarf and not inxéeneled nebula in both of these
objects.

Despite the detailed similarities between the profile shap&P Com and V396 Hya, a
few differences can be identified in the average spectra. G digplays a number of sharp
absorption features, most notably between 4050 A and 42%@Aidentify these lines as N
No such features are present in V396 Hya (Fig.5.2). A largabar of NiI absorption lines
have been observed in the high state system SDSS J1908 (Kfe submitted). Morales-
Rueda et al. (2003a) already reported an absorption featae kel 4686 Ain GP Com.
Indeed this feature is also present in our X-Shooter and USfiEStra but its origin remains
unidentified.

In the blue spectral region the strongesti Nines are detected in absorption whereas in
the red spectral region, complexiNmission dominates the spectrum. A large number of
individual transitions of N can be identified thanks to our high spectral resolution.®:i).
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Figure 5.1: Gaussian smoothed average spectrum of GP Com and V396 Hya obtathedLi/X-
Shooter. Helium emission lines are indicated. The lower panel shows thalcgrike feature with its
blueshifted forbidden component in H&471 A observed with UVES and the strongest helium lines in
the NIR arm observed with X-Shooter. The narrow spikes at waveleagth00 A are residuals from

the nights sky line removal.
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Table 5.2: Emission line properties for GP Com

UVES X-Shooter

He line EWrange EW mean EWrange EW mean

(A) (A) (A) (A)
3187.745 - - 0.5-1.6 1.02
3705.005 - - 2.6-3.8 3.22
3819.607 - - 1.7-4.0 2.96
3871.791
3888.643 6.2-11.F 8.55 10.9-14.9 12.62
3964.730 0.7-2.1 1.38 1.2-2.3 1.80
4026.191 4.6-8.7 6.56 5.2-9.5 7.29
4387.929 1.1-2.9 1.92 2.9-4.9 3.93
4471.502 8.3-14.9 11.0 11.7-20.3 14.82
4685.710
4713.170 3.5-6.3 4.9 5.9-9.0 7.19
4921.930 5.0-8.7 6.75 8.1-12.4 10.43
5015.678 .
5047 738 9.9-14.8 12.4& 17.4-22.2 20.X
5875.661 30.4-62.7 44.1 46.7-58.8 52.41
6678.152 24.8-38.1 30.7 36.9-46.1 42.47
7065.251 35.3-51.0 41.5 47.8-56.2 51.5
7281.351 11.0-36.5 18.2 16.1-19.4 18.15
10830.34 - - 581.0-736.6 666.9
12784.79 - - d d
17002.47 - - d d
20586.92 - - d d

¢ Combined equivalent width of HE3871 and He 3888
b Combined equivalent width of He 4685 and He 4713
¢ Combined equivalent width of H&6015 and He 5047
4 Line present but contaminated with atmosphere.
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Table 5.3: Emission line properties for V396 Hya

UVES X-Shooter

He line EWrange EW mean EW mean

(A) (A) (A)
3187.745 - - 3.8
3705.005 - - 2.2
3819.607 - - 55
3871.791
3888.643 14.0-27.9 20.8 15.9
3964.730 2.8-5.2 3.7 2.2
4026.191 16.4-25.4 20.94 11.0
4387.929 4.6-7.7 6.1 3.3
4471502  24.4-39.0 31.1 18.2
4685.710 b
4713.170 8.1-14.4 11.7 5.8
4921.930 11.6-20.1 15.3 9.1
5015.678
5047 738 17.5-29.9 22.F 13.6°
5875.661 58.3-101.8 76.4 51.5
6678.152  45.0-71.7 57.2 34.6
7065.251 54.2-89.1 70.9 50.6
7281.351  19.3-38.0 24.5 13.1
10830.34 - - 969.5
12784.79 - - d
17002.47 - - d
20586.92 - - d

¢ Combined equivalent width of HE3871 and He 3888
b Combined equivalent width of He 4685 and He 4713
¢ Combined equivalent width of H&6015 and He 5047
4 Line present but contaminated with atmosphere.
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Figure 5.2: Zoomed region of the average X-Shooter spectra around locationsofisanetal lines in
GP Com and V396 Hya.
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Figure 5.3: Tracing of the central spike of selected helium lines and some neon angamitemission
lines of GP Com from UVES data.

The equivalent widths of these blends of Bre larger in V396 Hya than in GP Com. We also
identify a number of weak Neemission features in the spectra of both systems (see Eig. 5.
and 5.3). See Tab. 5.6 and 5.7 for an overview of the detertes With measured equivalent
widths.

The X-Shooter spectra allow us to search for spectroscagnatires in the near-infrared
part of the spectrum. We find a strong Hid 830A line with an equivalent width @66.9 A
and969.5 A, which is more than ten times stronger than the strongetitaighelium lines.
None of the helium lines in the near-infrared spectrum of GR@ad V396 Hya show a sharp
central spike feature (lower right panel Fig.5.1), a somavsrprising difference to the op-
tical regime. The peak-to-peak velocity of the double pdakisc emission line He10 830A
was found to bel237 £ 7kms! for GP Com andi069 & 6 kms™* for V493 Hya which is
significantly lower than thé379-1414kms™! range for GP Com and thel11-1124kms™!
range for V493 Hya using the lines in the optical regime.

5.3.2 The orbital ephemeris

Marsh (1999) and Morales-Rueda et al. (2003a) have demtetstitsat the central spike in
GP Com shows significant radial velocity shifts as a functibthe orbital phase, with an
amplitude of~ 10 — 15 km/s, compatible with its likely origin close to the accreto

We perform multi-Gaussian fits to the individual line prdadilenodelling the line as a com-
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Table 5.4: Velocity of the central spike

GP Com V396 Hya

Hel line

A)

Y
(kms™)

K,
(kms™)

7
(kms™)

K,
(kms™)

3888.643
3964.730
4387.929
4471.502
4685.710
4713.170
4921.930
5015.678
5875.661
6678.152
7065.251
7281.351

—-4.4 0.2
4.1 1.1
14.5: 2.3
42.4: 0.5
17.4-0.3
32.6: 0.3
52.6:1.0

6.4 0.3

0.4-0.3
18.2£ 0.2
23.2:0.2
17.2: 0.2

12.7£ 0.3
13.0£ 1.6
11.5+£ 3.2
11.1+ 0.7
11.7£ 0.5
11.1£ 0.5
12.3£ 1.6
12.3£ 0.4
11.3+ 0.3
11.6+0.2
13.3£ 0.3
8.0 04
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bination of two broad Gaussians representing the doublkggedisc emission plus a narrow
Gaussian for the spike. As a first step, we fit the velocitigh@tentral spike to the individual
spectra. The derived radial velocity curves are then useltermine the orbital phasing of
the spike.

Although the UVES data and X-Shooter data were taken eigdutsyapart the orbital pe-
riod could not be refined because the X-Shooter data onlyrs@lmut one orbit of GP Com.
Therefore, for GP Com, we fix the orbital period to 46.57 misytdarsh, 1999). If the radial
velocity curve of the spike traces the white dwarf accret@rcan define orbital phase zero as
the phase of superior conjunction of the accretor (or bluedtbcrossing in the radial veloc-
ity curve). Individual lines give identical zero-pointsrfihe phasing, we thus fit to the three
strongest helium lines simultaneously, and derive thefahg ephemeris for GP Com taking
either the UVES or the X-Shooter data:

HJIDGp comuves = 2452372.5994(2) + 0.0323386 £

HJIDGp com:X—Shooter = 2455245.851(2) + 0.0323386E

In the case of V396 Hya, the orbital period is not that wellsteained, but the short du-
ration of our observations prevents an improvement on theevaf 65.1 minutes as derived
by Ruiz et al. (2001). The X-Shooter data could not be usedusectihe exposure time of the
individual spectra was 15 min which covers a significanttfoarcof the orbit. We again use the
radial velocity curve of the spike in the three strongessito derive the following ephemeris
for V396 Hya
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Figure 5.4: Radial velocity curves of the central spike of H28888 A and the emission line N&402 A
in GP Com. Two orbits are plotted for better visualisation.
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Figure 5.6: Radial velocity curve with measured velocities of the nitrogen absorption lin€l¥3 A in
GP Com. Two orbits are plotted for better visualisation.

HJIDv396 Hya;uves = 2452372.5263(3) + 0.0452083F

Armed with the orbital ephemerides, we fold all spectra idesrto obtain higher signal-
to-noise spectra, permitting us to derive more accuratgegaior the radial velocity curve of
the various emission line components. All orbital phasesmed in this paper are based on
the above ephemerides.

5.3.3 The radial velocity of the central spike and the metal lines

The final radial velocity curves of the central spike compusare measured by fitting to the
phase-folded spectra and fixing the period and phasing @iocpto the derived ephemeris. A
pure sinusoid was fitted to the radial velocities to deteenthre mean and amplitude of the
orbital motion of the spike and their formal errors. Tabke lists the properties of the spike in
all the helium lines for which a reliable fit could be made, lfoth our targets.

We find that all 12 usable helium lines covered by the UVES speare consistent with
the same radial velocity amplitude for the central spike ponent and thus we calculate a
weighted mean from the 12 fitted amplitudes to defig,. = 11.7+0.3kms™! for GP Com
andKpike = 5.8£0.3kms* for V396 Hya. The fact that all lines share the same phasidg an
velocity amplitudes provides strong support for placing ¢igin of the spike at or near the
primary white dwarf, thus providing us with an accurate daiaation of its radial velocity
amplitude,K;. However, the mean velocities of the central spike showatians from line to
line, from —5 to +53 kms~1. The seemingly random velocity shifts reported by Mars®@)9



5.3. Analysis 121

Her 3888 Her A\4471

E i

Her A5015

1.8F
1.6
1.4F
1.2

Phase
-

0.8F
0.6
0.41
0.2

1000 T

5001

-500} o 4 b 1
' Ny
-1000} 1 1 1 1

Y-velocity (km/s)
S

21000-500 0 500 1000 -1000-500 0 500 1000  -1000-500 0 500 1000  -1000-500 0 500 1000
X-velocity (km/s) X-velocity (km/s) X-velocity (km/s) X-velocity (km/s)

Her A5875 Her \6678 Her A7065 Her X10830

1.8f
1.6
1.4]
1.2

Phase
=

0.8F
0.6
0.4F
0.2

1000

5001

-500r

Y-velocity (km/s)
S

-1000} 1 ——— 1 1 1

-1000-500 0 500 1000 -1000-500 0 500 1000  -1000-500 0 500 1000 -1000-500 0 500 1000
X-velocity (km/s) X-velocity (km/s) X-velocity (km/s) X-velocity (km/s)
Figure 5.7: Trailed spectra and maximum-entropy Doppler tomograms of selectedlibis of
GP Com obtained from XShooter data. Visible is the disc, the central spikeethsis two bright
spots in most lines. Note that in some lines the central spike was saturated taserepoth bright
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and Morales-Rueda et al. (2003a) are thus confirmed in ourrkggiution data and extended
to a larger number of lines. The shifts strongly correlat®svieen those two stars.

Not only the central spike feature shows radial velocityateons. We find that the narrow
emission lines of neon and nitrogen as well as the absorfpiesin GP Com trace the motion
of the central spike. Figure 5.3 shows a trailed spectrogrfiime center of two strong helium
emission lines as well as the two strongest nitrogen and eeussion lines in GP Com.
A sinusoidal fit was made to the radial velocities of these s obtained from the phase
folded spectra. The radial velocity amplitude and phaseamsistent with those of the central
spike feature in the helium lines. For the co-added neon d&naben lines, we derive a mean
amplitude K. pission = 12.3 = 0.5kms™! and a mean velocity = 11.88 & 0.9kms™! for
GP Com (Fig. 5.4) an® oission = 5.6 = 0.8kms ! andy = 10.2 + 1.6 kms™! for V396 Hya
(Fig. 5.5).

The same approach was used for the4443 A absorption line in GP Com. We measure
the radial velocities of the N4143 A absorption line in the phase folded spectra and find a
radial velocity amplitude of<,;43 = 8.5 & 2.1kms™! with a mean velocity ofy = 35.5 &
2.5kmst. The radial velocity amplitude is consistent with the amyole obtained for the
central spikes (Fig. 5.6). Therefore, we conclude that theahemission and absorption lines
are linked to the accreting white dwarf as well.
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Figure 5.9: Allowed mass ratiog and effective accretion disc radii for GP Com (top) and V396
Hya (bottom). The left panels assume ballistic accretion stream velocities imigfe $pot, the right
panels assume Keplerian disc velocities. Since the bright spot could be 4 these, we show in the
center panels the results for a mix of 80% ballistic stream velocities and 20%ri€epdisc velocities.
The upper and lower dotted lines indicate the edge of the primary Roche hobida circularization
radius, respectively, while the dashed line shows the 3:1 resonanuas.ratie gray-scale indicates the
exclusion level in standard deviations.

5.3.4 System parameters via Doppler tomography

Doppler tomography (Marsh & Horne, 1988) of GP Com has beed insthe past to study the
properties of its accretion disc and bright spot emissioar@l, 1999; Morales-Rueda et al.,
2003a). Armed with an accurate estimate for the primaryatadilocity K; (assuming the
spike originates on or close to the accreting white dwarf),oc&n constrain the mass ratios
by comparing gas velocities along ballistic trajectoriethe accretion stream to the observed
bright spot velocities in a Doppler tomogram, as has beer donseveral of the AM CVn
stars that show a central spike (Roelofs et al., 2005, 2006a).

Fig.5.7 and 5.8 show maximum-entropy Doppler tomograms®iG®m and V396 Hya.
The central spikes are fixed to the negative Y-velocity attie, conventional phase of the
accreting white dwarf. A strong bright spot shows up nearettygected accretion stream/disc
impact region, with a faint secondary bright spotdt20-degree phase-offset, which was also
observed in other AM CVn type systems (Roelofs et al., 2005 f&tugt al., 2013). We assume
that the strong bright spot corresponds to the first impaicitj@d the accretion stream and the
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disc, while the weaker bright spots may represent accretiicgam overflow and re-impact
further downstream. The latter effect has been seen in noahesimulations of accretion
discs (M. Wood, in preparation; private communication).

Figure 5.9 shows the allowed mass ratios and accretion ddicfor GP Com and V396
Hya that we obtain from the phases and amplitudes of the alespikes and the primary
bright spot. We solve the equation of motion for a free-f@glstream of matter through the
inner Lagrangian point, based on the results of Lubow & SH¥%), and we see whether
the resulting accretion stream and/or accretion disc w&éscand phases at the stream-disc
iImpact point match with the measured values. The bright spotteracting binaries is not
always observed to represent the pure ballistic streanciiee at the stream-disc impact
point; the gas velocities could in principle lie anywheréieen the ballistic stream velocities
and the accretion disc velocities in the disc-stream impagibn. We therefore consider the
two limiting cases of pure ballistic stream and pure Kepledisc velocities in the bright spot.
The mass ratio and accretion disc radii (i.e., where thenbsgot occurs) ranges we obtain
in this way for GP Com ar6.015 < ¢ < 0.022 and0.60 < R/R;, < 0.80 assuming purely
ballistic stream velocity and.021 < ¢ < 0.028 and0.45 < R/R;, < 0.58 assuming purely
Keplerian disc velocity. For V396 Hya we firtd010 < ¢ < 0.016 and0.54 < R/ R, < 0.84
assuming purely ballistic stream velocity am@13 < ¢ < 0.018 and0.50 < R/R;, < 0.62
assuming purely Keplerian disc velocit®;, corresponds to the distance from the center of
the accreting white dwarf to the inner Lagrangian point.

With the derived mass ratios and the primary velocity araght/; as well the measured
disc velocities we can limit the inclination angles, the ament masses and the disc sizes.
Above a certain inclination angle the donor will start toiest the outer edges of the disc and,
at high enough inclination, also the accretor. No eclipseaserved in both systems either
in the lines nor in the continuum.

While these mass ratios and disc radii lie in the range whgrerbumps might be expected
due to the3 : 1 resonance, numerical simulations indicate that the méss e in fact so low
that the (eccentric) accretion disc remains stationarpénttinary frame (Simpson & Wood,
1998). This matches the absence of any reports of ‘supersium@P Com and V396 Hya.

For a given mass ratio and donor mass we calculate the expgcteary velocity ampli-
tudes. The ratio of the calculated velocity amplitudes dredrheasured velocity amplitudes
depends only on the inclination angle. Additionally, theasiered peak-to-peak (Keplerian)
velocities in the double peaked lines correlate to the vglat the outer disc, and also depend
on the inclination in a similar fashion. (Horne & Marsh, 1986

Figure5.10 and 5.11 show the calculated inclination anfyleslifferent donor masses
for GP Com assuming either purely ballistic stream or puredplirian velocity of the bright
spot. As a lower mass limit of the donor, the mass for a Roche filling zero-temperature
helium object is calculated (Deloye et al., 2007). The upipat for the donor masses are set
by the Chandrasekhar mass. The dotted line in Fig. 5.10 ard certesponds to the largest
allowed disc radius)(80 R/ Ry, for pure ballistic stream velocities afdh8 R/ R, assuming
pure Keplerian disc velocity). The largest allowed disdwads an upper limit. The dashed-
dotted line in Fig.5.10 and 5.11 corresponds to the largessiple mass ratiog(= 0.022
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for pure ballistic stream velocities agd= 0.028 assuming pure Keplerian disc velocities).
Smaller mass ratios would shift the dashed dotted linegtd.rHence, the largest mass ratio
is a lower limit. Combining these constraints leaves a snegjiion of parameter space that is
allowed.

The possible system parameters for GP Com lie in the hatcleedraFig.5.10 and 5.11.
For purely ballistic stream velocity we find a donor mass eanig 2.5 < Ms Gp com/Mupiter <
33.8, a limit to the accretor mass a¥/; gpcom > 0.55Mg, a range for the disc size of
0.68 < R/Ry, < 0.80 and a mass ratio range 0f020 < ¢ < 0.022. We also derive an
inclination angle range of5° < i < 74°. The lower limit on the inclination angle was found
for the maximum accretor mass and the upper limit is set whemtcretor would eclipse the
outer edge of the disc. For purely Keplerian disc velocitiesfind a donor mass range of
9.6 < Mscp com/Miupiter < 42.8, @ limit of the accretor mass off; ¢pcom > 0.33Mg, a
disc size range 0of.45 < R/R;, < 0.58 and mass ratio range 0f024 < ¢ < 0.028. We
derive an inclination angle range 83° < ¢ < 74°.

From the mass accretion rate, Roelofs et al. (2007a) foungpardimit of M ¢p com =
13.2 M jypiter fOr the donor star in GP Com. If we assume this companion magp@e limit
we can set tighter constraints on the system parameterré®glO shows that there is only a
small allowed parameter range for purely ballistic stre@oaities. For purely ballistic stream
velocity we find a donor mass range Gf.5 < M Gp com/Mupiter < 13.2, @ limit to the
accretor mass df.55 < M gpcom < 0.59 Mg, a range for the disc size 6f68 < R/ R, <
0.70 and a mass ratio range 00215 < ¢ < 0.022. We also derive an inclination angle range
of 71° < ¢ < 74°. For purely Keplerian disc velocities (Fig.5.11) we find acr@tor mass
range 0f0.33 < M gpcom < 0.52Mg, a disc size range ¢f45 < R/R;, < 0.58 and mass
ratio range 0f).024 < ¢ < 0.028. We derive an inclination angle range®@¥ < i < 74°.

Although we cannot be certain about a zero-temperaturerdstao in GP Com, at the
orbital period of V396 Hya there should be no doubt that thealas essentially a zero-
temperature white dwarf even in the case of irradiation gpelet al., 2007). Therefore the
mass of the donor is a fixed parameter. From the mass-radai®orefor a zero-temperature
helium object (equation 14 in Deloye et al., 2007), we deavenass for the donor star in
V396 Hya of M5 v396 Hya = 6.1 M jypiter- Figure 5.12 and 5.13 show the calculated inclination
angles for different donor masses in V396 Hya. Using the sappeoach as for GP Com we
find for purely ballistic stream velocities an accretor massye 0f0.37 < M; vso6 ya/Me <
0.49, a disc size range of54 < R/R;, < 0.66 and a mass ratio range @012 < ¢ < 0.016.
We derive an inclination angle range 8f° < ¢ < 78°. For purely Keplerian disc ve-
locities an accretor mass range @82 < M vsgsnya/Mo < 0.45, a disc size range of
0.50 < R/Ry, < 0.62 and a mass ratio range 6f013 < ¢ < 0.018 was derived. We
find an inclination angle range af° < i < 78°.

Table 5.5 gives an overview of the derived system parametirsr assuming pure ballistic
stream velocities or pure Keplerian disc velocities.
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Figure 5.13: The same as for Fig. 5.12 but assuming purely Keplerian disc velocities.
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Table 5.5: System parameter either assuming pure ballistic stream velocities pure Keplesgave-
locities.

pure ballistic stream pure Keplerian disc
GP Com (donor mass limit from Roelofs et al., 2007a)

q 0.0215 - 0.022 0.024 - 0.028
M; (Mg) 0.54 - 0.59 0.33 - 0.52
My Myupiter)  12.5-13.2 9.6-13.2
R/Ryp, 0.68 - 0.70 0.45 - 0.58

i (°) 71-74 53-74

GP Com (no restrictions for the donor mass)

q 0.020 - 0.022 0.024 - 0.028
M; (My) > 0.54 > 0.33

My (Mjupiter) 12.5-33.8 9.6 - 42.8
R/Ry, 0.68 - 0.80 0.45 - 0.58

i (°) 45 - 74 33-74
V396 Hya

q 0.012-0.016 0.013-0.018
M; (My) 0.37-0.49 0.32-0.45
My (Myupiter) 6.1 6.1

R/Ry, 0.54 - 0.66 0.50 - 0.62
i(°) 51-78 47 - 78

5.4 Discussion

5.4.1 Stark broadening and the behaviour of the central emission spikes

The forbidden components of neutral helium that are obseirvsome of the central spikes
(Fig. 5.14) have led to the suggestion that the central gm&Bles may be affected by Stark
broadening (Morales-Rueda et al., 2003a), as modelled bydBeanp et al. (1997) and
Beauchamp & Wesemael (1998) for (single) DB white dwarfs aticeene helium (EHe) stars.
Unfortunately those models appeared to predict the wrohgisgs between the allowed and
forbidden emission features in GP Com, such that questionaired as to whether the Stark
broadening explanation was correct (Morales-Rueda etG034).

However as shown in Fig. 1 of Griem (1968), the splitting dbakd and forbidden tran-
sitions of neutral helium depends on the electron densityThe splittings of the absorption
lines in those models are therefore relevant for those otispestellar atmospheres only. The
emission lines in GP Com and V396 Hya may be caused by a sieglpdrature, optically
thin layer of helium (see analysis by Marsh et al., 1991)hdbat the splittings between the
allowed and forbidden transitions have a different valugesponding to the local electron
density in the layer.
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Figure 5.14: Observed spikes from the UVES spectra in GP Com (dotted histogram) 296l Nya
(solid histogram) for the three Hdines that contain observed forbidden components, together with the
modelled Stark-broadened line profiles (solid line) from Beauchamp di987]. The left panel shows
how the amplitude and displacement of the forbidden component incredébeslectron density; the
models shown are for electron densitiesipf= 1 x 10'?, 3 x 10'®, and1 x 101 cm™3. In the middle

and right panel we show the model for = 3 x 105 cm™3.

In Fig. 5.14 we show the observed profiles of the central spikéhe He 4471 A and He
4921 A lines in detail. Both these lines show a forbidden comepb blueward of the allowed
transition, the strength and distance of which (relativeheoallowed component) can be cor-
rectly reproduced by Stark-broadened line profile model®©ié&ium plasma with an electron
density close ta, ~ 5x 10> cm~3. The models shown in Fig. 5.14 are from Beauchamp et al.
(1997), as obtained in tabular form from the stellar spésgmthesis prograrBPECTRUM As
an independent check, Fig. 1 in Griem (1968) points to a aimeillectron density.

In addition to the forbidden neutral helium lines nean K471 A and He4921 A, there is
a blended forbidden component predicted blueward 0f48€6 A, which is confirmed by our
data and can be seen in the asymmetric line profile of4826 A (Fig. 5.14). For the other
lines, assuming similar electron densities in the plash@models do not predict observable
satellite spikes, but they do predict shifts of the emiss$iioes by various amounts relative to
their rest wavelengths. Both blueshifts and redshifts apeebed, up to a few tens of km's
Fig.5.15 shows two helium lines where different shifts fdfedent electron densities are ex-
pected. In Table 5.4 we see that the observed spikes arerpirealatly redshifted; however,
the observed redshifts of the central spike can be matclesdmnably well with the expected
blue- and redshifts due to Stark broadening if we assumediti@uhl, global redshift of about
15km s ! which is a combination of the systemic velocity and the gedidnal redshift. The
spikes shown in Fig. 5.14 were blueshifted by 15 krh AAlthough, we have no possibility to
measure the systemic velocity and the gravitational rédstdependently, a global redshift
of about 15 kms! is plausibly due to a gravitational redshift, which is canficexpectations
if the central spikes originate on or close to the surfacéefdaccreting white dwarf, as sug-
gested on the basis of their observed radial velocity aogeis and phases (Morales-Rueda
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Figure 5.15: Observed spikes from the UVES spectra in GP Com (dotted histogram) 8%l Mz
(solid histogram) for two more Hedines, together with the modelled Stark-broadened line profiles from
Beauchamp et al. (1997). The lines were chosen for their relatively @vgerved shifts. The models
shown are for electron densitiesqf = 1 x 10'°, 3 x 10'?, and1 x 10'¢ cm™3; the broadening and
shift of the lines increases with electron density. All line types are the saimd=&s. 5.14.

et al., 2003a; Marsh, 1999). Unlike the neutral helium lin&e hydrogenic He 4686 A
line should only be broadened andt shifted due to the Stark effect: its measured redshift
should therefore match the global redshift found in the lihes. With a measured redshift of
17.4 £ 0.3 and16.1 £ 0.5 km/s (Table 5.4), this is indeed the case.

Unfortunately, since there may also be red- or blueshifes wuthe systemic velocities
of the binaries, it is impossible to draw conclusions as wrniasses of the accreting white
dwarfs, even if one assumes that the spikes originate fremghrfaces and that the observed
(global) redshifts may thus be partially gravitational.

The emission spikes in the AM CVn stars may provide a uniquey \aéthe effects of
Stark broadening on the appearance of forbidden lines airhelWhereas such lines in DB
white dwarf or EHe star atmospheres are always a convolofian entire stellar atmosphere,
the lines in the AM CVn stars appear to be produced in an optithin slab of gas with
a single density, or very narrow range of densities. Modelfmtions for Stark-broadened
and forbidden helium lines further to the UV could be testgabr X-Shooter spectroscopy.
Our fitting of the observed Stark profiles with calculatedfis is currently limited by the
resolution of the grid of models available to us.

5.4.2 Metallines

Kupfer et al. (2013) discovered strong absorption lines afinesium and silicon in the three
AM CVn systems known to have orbital periods betw&ér60 min. However, they were not
able to trace the origin of these lines because of the lowlugso data. We show that the
nitrogen absorption lines in GP Com follow the motion of thatcal spike. Therefore, the
origin of the absorption lines are most likely photosphatisorption lines from the accretor
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which is accreting material from the disc. That means thatdhserved abundances most
likely represent the composition of the disc and therefbeedonor star.

We have identified a large number of nitrogen and neon linegedisas the Q multiplet
at 7771/74/75 Ain GP Com. However no evidence for iron andailican be found in either
system. The strength of iron and silicon lines could be usabktermine the initial metalicity
since their abundance is not supposed to be affected byarnssiathesis processes during bi-
nary evolution. Marsh et al. (1991) concluded that the netection of heavier elements such
as iron and silicon shows that GP Com is a low metallicity abjdde strong enhancement
of nitrogen is a clear sign of CNO-processed material (Nefen&t al., 2010). This seems
also to apply to V396 Hya because it does show similar spdetrtures as GP Com. More in-
triguing is the overabundance of neon which was also founttiay observations in GP Com
(Strohmayer, 2004) because the only way to enhance neornrirggchelium burning which
decreases the nitrogen abundance and increases the cathoxygen abundance.

If the observed abundances represent the composition ofather, the overabundance of
neon can only be explained through a short phase of heliumrmmhich stopped before
nitrogen is depleted and carbon and oxygen is enhancedisagly (Arnould et al., 1999).
We do not see an enhanced abundance of oxygen and carb@fiotberhighly evolved helium
star donor is excluded in both systems.

As an alternative scenario the observed abundances in thar dtar could be affected
by diffusion processes. Due to diffusion in the donor, theeaaf the donor star could have
been enriched if*Ne (Yungelson et al., 2002). This would cause an overaburedahneon,
although also here some helium burning occurred in the detaor

5.4.3 Rotational velocity of the accretor

Before mass transfer starts the two white dwarfs in the AM C\agpnitor system have been
orbiting each other for millions to billions of years. Clogethe onset of mass transfer, tidal
effects will have synchronized their spins with their osdi¢éading to rotational velocities of
several hundred knts. Bildsten et al. (2006) assumed that helium is accreted ttavhite
dwarf with the specific angular momentum of the inner edgdefaccretion disc which will
spin up the accretor and lead to a minimum equatorial ratativelocity of~ 1250 kms!.
However, Marsh et al. (2004) showed that the synchronizatoque between the accretor
and the orbit can feed back angular momentum into the orhitiwbossibly spins down the
accretor, stabilizes the orbit and prevents the mergereogytstem. This will have a positive
influence on the formation rate of AM CVn systems if the synairation timescale is short
enough. To put further constraints on the synchronizaiimegcales the rotational period of
the accretor has to be compared to the orbital period of tharjai We show that the narrow
emission lines of neon and nitrogen have the same phase koityeamplitude as the central
spike and conclude that the origin of these lines is also @iose to the accreting white dwarf.
The strong spikes in the helium lines (e.g. IH4686 A) have a larger signal-to-noise ratio
(SNR) compared to the neon lines but they are also broaderetbdhe Stark broadening.
Thus despite the lower SNR, the narrow neon lines are nottaffdry Stark broadening and
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Figure 5.16: The average line profile of the narrow neon emission lines of GP Com frdES spectra
with computed line profiles for different rotational velocities.

therefore these lines can be used to estimate the rotatietwality of the accretor.

The narrow neon and nitrogen emission lines are comparegntbetic profiles from a
single slab LTE model with uniform temperature and densityclv was also used by Marsh
etal. (1991) for their abundance analysis on GP Com. The ctadpue profile includes only
thermal broadening. Additional broadening effects likemiurbulence and Stark broadening
are neglected. A synthetic model was computed using themedeas derived for GP Com
(Marsh et al., 1991). Additional rotational broadeninddwling Gray (2008) was applied to
the synthetic models.

If the accreting white dwarf is tidally locked to the orbihet rotational velocity of the
accretor can be calculated using the following equation:

2T RWD
P, orb

Urot =

(5.1)

where P,,;, corresponds to the orbital period of the system &\g, to the radius of the ac-
creting white dwarf. A radius of the white dwarf accretor iot systems was found to be
Rwp = 0.015 R, using the zero-temperature mass-radius relation of Egglguoted in Ver-
bunt & Rappaport 1988) for a5 M., white dwarf. This leads to an equatorial rotational ve-
locity of vyot.cpcom = 23.4kms ! andvyeg.vagenya = 16.8 kms™! for the accretor in GP Com
and V396 Hya respectively. This is only an upper limit as thsesved rotational velocity
depends on the inclination angle of the system.

Although we can only exclude fast rotational velocities aadnot draw a firm conclusion
whether the accretor is tidally locked, Fig.5.16 and 5.1Gwshthat a broadening of,,; =
25kms! is needed to find good agreement between the models and thevethemission
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Figure 5.17: The average line profile of the narrow neon emission lines of V396 Hya {/ES
spectra with computed line profiles for different rotational velocities.

lines in GP Com and V396 Hya. This value is only a lower limit @egends on the inclination
angle. If the accretor mass of GP Com is close to the Chandraséhktit the inclination
angle could bet5° for purely ballistic stream velocities arg$° for purely Keplerian disc
velocities. This leads to a maximum rotational velocityvgf < 35kms™! for the first and
Vot < 46 km st for the latter case. For V396 Hya we find a minimum inclinat@ogle of51°
for purely ballistic stream velocities and® for purely Keplerian disc velocities which leads
to a maximum rotational velocity af,,, < 32kms™! in the case of purely ballistic stream
velocities and,; < 34 kms™! for purely Keplerian disc velocities.

Therefore, we conclude that the accretor does not rotatarfdsoth systems and must
have spun down significantly during the evolution of GP Com4886 Hya as AM CVn type
systems.

5.5 Conclusions and summary

The average spectra of GP Com and V396 Hya reveal strong dpahled helium emission
lines typical for long period AM CVn type systems. All the Ise the optical regime show,
on top of the helium disc emission lines, a strong centresf@ature. Interestingly, none of
the helium lines in the near-infrared of GP Com and V396 Hyawshihis sharp central spike
feature.

Besides the strong helium lines a large number of narrowgetn@and neon emission lines
are detected in both systems. Additionally broad nitrogesogption lines are also detected
in GP Com. We show that the neon and nitrogen lines follow theanmf the central spike
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and therefore have an origin on or close to the accretor \Wehabsorption lines originating
most likely in the photosphere of the accreting white dwaid. evidence for iron and silicon
was found which indicates that GP Com and V396 Hya are low t@talobjects with an
overabundance of neon and nitrogen. The neon and nitrageswere found to be connected
to the accreting white dwarf and represent the abundanterpaif the accreted material of
the donor star. An enhancement of nitrogen can be explaiited3MO burning whereas neon
is only produced during helium burning where nitrogen isnlear into carbon and oxygen.
Therefore, we find no satisfying solution to explain bothhhigeon and high nitrogen and can
only exclude a highly evolved helium star donor in both syste

Doppler tomograms reveal a strong accretion disc bright sjith a faint secondary spot
at an~120-degree phase-offset to the first bright spot. From tlsghand amplitudes of the
central spikes and the primary bright spot as well as thepegleak separation of the double
peaked helium disc emission lines we limit the inclinatiogles and the component masses
assuming that the velocity of the bright spot is either pubelllistic stream velocity or purely
Keplerian disc velocity. For GP Com, we find for an accretothvatmass ofV/; ¢p com >
0.55 Mg seen under an inclination angle4f® < i < 74° for purely ballistic stream velocity.
For purely Keplerian disc velocity the accretor has a mas¥/of.p com > 0.33 Mg and the
system is seen under an inclination angle3df < i < 74°. The donor in V396 Hya is
expected to be a zero temperature donor star. We find a posedns for the accretor of
0.37 < M vsosnya/ M < 0.49 and the system is seen under an inclination angid ok i <
78° for purely ballistic stream velocities. For purely Kep&aridisc velocities the accretor has
amass 00.32 < M; vsosnya/Me < 0.45 and the system is seen under an inclination angle of
A7° < i < 78°.

We find a large variation of the mean velocities of the cergpaite features ranging from
—5to +53km st and detect forbidden components of several helium linesrk®troadened
models predict both the appearance of forbidden heliunslared the displacement for the
other helium lines. Therefore, the helium lines are comgpp&recalculated line profiles and we
find that the central spike features can be correctly reprediby Stark-broadened line profile
models for helium plasma with an electron density close.ter 5 x 10'° cm™3.

The narrow emission lines of nitrogen and neon as well as ithegen absorption lines
follow the motion of the central spike. Therefore, they alsaconnected to the accreting
white dwarf and can be used to estimate the rotational \tglo€the accretor. We compare the
emission lines to synthetic line profiles which only inclutilermal and rotational broadening
and neglect additional broadening mechanism such as mibrdence or Stark broadening.
We show that the lines can be reproduced with a projectediontd broadening ob,,; ~
25kms! and therefore conclude that rotational velocity of the atieg white dwarf has to
bev, < 46kms! for GP Com and,.; < 34 kms™! which excludes a fast rotating accretor
in GP Com and V396 Hya.
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Table 5.6: Equivalent widths of the nitrogen spectral lines

GP Com V396 Hya
line EW (A) EW (A)
N 11 3995 -0.06:0.01 -0.08-0.01
N 14099 0.53:0.02 -0.04-0.01
N14109 0.4:0.02 -0.080.01
N14137 0.1@¢0.01 <
N14143 0.14-0.02 —0.710.02
N14151 0.32:0.02
N14214/15 0.26:0.01 -
N14223/24 0.46:0.02 -
N 14230 0.1#0.01 -
N 14253 0.14:0.02 -
N 14336 0.06:0.01 -
N 14342 0.1%0.01 -
N 14342 0.1#0.02 -
N 14358 0.21-0.02 -
N 11 4447 -0.03-0.01 -0.15-0.02
N 11 4630 -0.06-:0.01 -0.08-0.01
N15281 0.16:0.02 -
N 15292 0.040.01 -
N15310 0.06:0.01 -
N15328 0.120.02 -
N 15356 0.040.01 -
N 11 5666 -0.05-0.01 ¢
N 115676 -0.030.01 -
N 11 5679 -0.16:0.01 -0.05-0.01
N 11 5686 -0.02-0.01 -
N 15999 0.15:0.02 -0.06-0.01
N 16008 0.210.02 -0.040.01
N 11 6482 b —0.710.03
N 16644 a —-0.214-0.02
N 16646 a
N17423 —-0.15-0.02 -0.49-0.02
N 17442 -0.23:0.02 -0.72-0.02
N 17468 -0.22-0.02 -0.94-0.02
N 17899 —-0.06:0.01 -0.42-0.02
N18184 -0.56:0.02 -0.92-0.02
N18188 -0.52-0.02 -0.85-0.02
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Table 5.6: continued.

GP Com V396 Hya
line EW (A) EW (A)
N 18200/01 —-0.330.02 -0.8%0.02
N18210 —0.23#0.02 -0.580.02
N18216 -0.720.02 -1.5%0.03
N18223 —0.4%0.02 -0.84-0.02
N 18242 -0.290.02 -0.76:0.02
N 18567 —-0.080.01 -0.52-0.02
N | 8594 -0.130.01 -0.72£0.02
N 18629 c c
N 18655 c e
N18680/83/86 —2.980.03 -4.76:0.04
N 18703 -0.320.03 -1.09-0.02
N18711 -0.380.03 -1.2%0.03
N18718 —0.3720.03 -1.08:0.03
N18728 - -0.52£0.02
N 18747 - -0.21%0.02
N 19028 -0.280.02 -0.69-0.02
N 19045 —0.480.03 —-0.99-0.02
N 19060 —0.340.03 -0.880.02
N19187 -0.580.03 -0.86-0.02
N1 12469 - a

“ Line present but insufficient SNR to measure

b Blended with NI 6481/82/83/84 A

¢ Line present but contaminated with atmosphere
4 Blended with N 4151 A

¢ Blended with Nl 6646 A

f Lines marked with a - are below the detection limit-e®.01A
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Table 5.7: Equivalent widths of spectral lines other than nitrogen

GP Com V396 Hya
line EW [A] EW [A]
Hen 3203 —-0.08:0.01 -0.34-0.03
unidentified 6460 0.090.01 ?
unidentified 6470 0.260.02 -
Nel 5656 -0.03-0.01 -
Nel 5852 - @
Nel1 6074 a —0.05+0.01
Nel 6096 -0.02:0.01 -0.09-0.01
Nel1 6143 —-0.04-0.01 -0.09-0.01
Nel 6163 a a
Nel 6266 -0.03:0.01 -0.09-0.01
Nel 6334 -0.03:0.01 -0.09-0.01
Nel 6402 -0.1%#0.01 -0.28-0.02
Nel 6506 -0.06:0.01 -0.14-0.02
Nel 6532 -0.02-0.01 -0.08-0.02
Hell 6560 -0.22-0.02 -0.26-0.02
Nel 6598 - -0.05:0.01
Nel1 7032 -0.16:0.01 -0.09-0.01
O17771/74/75 -0.040.02 ¢
018446 -0.03-0.02 -

@ Line present but insufficient SNR to measure
b Lines marked with a - are below the detection limit-a®.01A
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X-SHOOTER OBSERVATIONS OF
ULTRACOMPACT AM CV N TYPE BINARIES
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MNRAS, in prep.

Abstract. We present medium-resolution X-Shooter spectroscopyeftd CVn type bina-
ries HP Lib, V803 Cen, V406 Hya, SDSS J124058.03-015919.88I172102.48+273301.2,
SDSS J080449.49+161624.8 and SDSS J164228.08+1934 1 kpé&ctra obtained with X-
Shooter cover the full optical/near-infrared range fror@ 02.5um and are dominated by
strong helium lines, either in absorption or emission depenon whether the system is seen
in high state or low state.

For the first time weak nitrogen absorption lines were detkad HP Lib. V803 Cen was
observed during outburst and therefore shows broad helbsuorgtion lines. The spectra of
V406 Hya and SDSS J124058.03-015919.2 display stronggeirand magnesium emission
lines in the far-optical-red. SDSS J080449.49+161624d8vshmore than 40 different transi-
tions of neutral and ionized helium. In particular, the IHEnes appear to be exceptionally
strong. Only the He 7065 A line indicates a central spike feature. The overaltsjal shape
looks like a hydrogen-deficient magnetic CV.

Equivalent width ratios including the near-infrared H®830 A line were calculated for SDSS
J164228.08+193410.1 and compared with single-slab LTEetsadth variable electron den-
sities and path lengths. We show that the usage of the nfgared lines requires a more
involved disc modelling than single-slab LTE models.

We present an overview of the different elements detectéukitX-Shooter spectra of the var-
ious systems as well as systems from the literature. Nonkeo$ystems show evidence for
carbon and oxygen but almost all systems show neutral otysiogized nitrogen. The ab-
sence of carbon and oxygen and the enrichment of nitrogéceitas that none of the observed
systems had a highly evolved helium star as the progenittireoflonor.

139
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6.1 Introduction

AM CVn systems are a small group of mass transferring ultrg@mnbinaries with orbital
periods between 5.4 and 65 minutes. AM CVn systems consisivbfta dwarf (WD) primary
and a WD or semi-degenerated helium star secondary (Neleghahs 2001a). See Solheim
(2010) for a recent review. They are important as strongsflegquency, Galactic gravitational
wave sources (e.g. Nelemans et al., 2004; Roelofs et al.,c2003sanke et al., 2012), the
source population of the proposed a.lad supernovae (Biladtal., 2007), and as probes of
the final stages of binary evolution. Spectroscopicallys¢hsystems are characterized by a
deficiency of hydrogen, indicating an advanced stage ofrpiegolution. In the preceding
binary evolution two common envelope phases have formedeaalded WD binary system at
a period of up to a few hours. Gravitational wave radiatioordased the orbital separation
until the low-mass secondary filled its Roche lobe and massfeaset in at an orbital period
between3 - 10 minutes depending on the masses of both components andttbeyeof the
donor (Nelemans et al., 2001a; Deloye et al., 2007). Sonetidraof these systems survived
the ensuing direct impact phase to become AM CVn systems depeon their mass ratio
and the efficiency of the angular momentum feedback (Nelermeaal., 2001a; Marsh et al.,
2004). An accretion disc forms at an orbital perioccdf0 min and the mass transfer stream
hits the disc at the so-called bright spot. The mass-tramafe drops as the orbit widens and
the system ends up as a more massive WD with an extremely I@8-MWd (~0.005 M.;
Kupfer et al. submitted) at an orbital periods ab6uenin.

AM CVn systems show three phases during their lifetime basetheir photometric be-
haviour. Systems with periods below 20 min have a high massster rate resulting in spectra
that are dominated by helium absorption lines originatmthe optically thick disc. Systems
with periods2> 40 min are in a low mass-transfer rate state and have spectrandt@d by
strong helium emission lines from an optically thin acametdisc. The intermediate period
systems, betwee?0) and40 min orbital period, undergo dwarf-nova type photometri¢-ou
bursts and change their spectral behaviour from a low stdtere emission lines from the
disc and Stark-broadened absorption lines from the agalletminate the spectrum, to a high
state, where absorption lines from the optically thick disminate the spectra (Groot et al.,
2001; Levitan et al., 2011; Ramsay et al., 2012; Levitan e2all5).

Fifteen years ago, fewer than 10 systems were known. Maindytd two very successful
surveys the known sample of AM CVn systems increased signtficeSixteen systems were
discovered by the Sloan Digital Sky Survey (e.g. Roelofs e28l05; Anderson et al., 2005,
2008; Rau et al., 2010; Carter et al., 2012, 2014a) and anatkien systems by the Palomar
Transient Factory (Levitan et al., 2011, 2013, 2014). Togetvith smaller scale surveys,
this quadrupled the number of known systems over the lasea$syto the 43 AM CVn type
binaries known today. As more systems are discovered, wbeaiter able to understand the
evolution and population characteristics of these systems

Three different formation channels have been proposed kb6CAn type binaries; a dou-
ble white dwarf channel (Tutukov & Yungelson, 1979), a chanm which the donors are low
mass helium stars (Savonije et al., 1986; Tutukov & Fedqrd989; Yungelson, 2008), and
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Table 6.1: Summary of the X-Shooter observations

System Tele.+Instr. Np Exp. time (s)
HP Lib

2010-02-21 VLT/X-Shooter 60 20
V803 Cen

2012-05-05 VLT/X-Shooter 37 60
2012-05-06 VLT/X-Shooter 29 60
V406 Hya

2010-02-18 VLT/X-Shooter 3 900
SDSS J1240-0159

2010-02-18 VLT/X-Shooter 3 900
SDSSJ1721+2733

2010-04-23 VLT/X-Shooter 36 180
SDSS J0804+1616

2010-02-18 VLT/X-Shooter 3 900
SDSSJ1642+1934

2010-04-16 VLT/X-Shooter 48 180
2010-04-19 VLT/X-Shooter 36 180
2011-05-06 VLT/X-Shooter 22 180
2011-05-09 VLT/X-Shooter 16 180

one with evolved post-main sequence donors (Thorstensaln €002; Podsiadlowski et al.,
2003). A way to distinguish between these scenarios is tilthe chemical composition of
the donor, and in particular the C/O, N/O and N/C ratios, dudifferent levels of CNO and
He burning in the progenitor of the donor (Nelemans et alL0G20A high N/O and N/C ratio
is expected for a helium white dwarf donor. Due to the enhianece of carbon and oxygen
and the depletion of nitrogen during helium burning, a loMé&® and N/C ratio is expected
for a semi-degenerate donor compared to the helium whitefdleaor. Although the donor
has never been observed directly, the accreted materiagéidisc and the photosphere of the
accreting white dwarf is expected to represent the compasif the donor.

The X-Shooter spectrograph covers the full optical/ne&rared range from 0.3 - 2/am.
The large spectral range allows to search for spectral lrigbe trace elements nitrogen,
oxygen and carbon to identify the nature of the donor. In gaper we present medium-
resolution X-Shooter spectroscopy of 7 AM CVn type systemgwizover almost the en-
tire orbital period range of the known AM CVn type systems; HIF, V803 Cen, V406 Hya,
SDSS J124058.03-015919.2 (hereafter SDSS J1240), SD38P148+273301.2 (hereafter
SDSS J1721), SDSS J080449.49+161624.8 (hereafter SD8%) & SDSSJ164228.08
+193410.1 (hereafter SDSS J1642).
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6.2 Observations

The systems discussed in this paper were observed usingetthiemresolution spectrograph
X-Shooter (Vernet et al., 2011) mounted at the Cassegraumsfoa the Unit 2 telescope of
the VLT array in Paranal, Chile during several nights as pathe Dutch GTO program.
X-Shooter consists of 3 independent arms that give simeitas spectra longward of the at-
mospheric cutoff (0.3 microns) in the UV (tH&JVB” arm), optical (thé'VIS” arm) and up
to 2.5 microns in the near-infrared (tANIR” arm). For all observations, we used slit widths
of 1.0’, 0.9 and 0.9 in X-Shooter’s three arms and binned by 2x2 in the UVB and \fifsa
resulting in velocity resolutions of 14 km's 7kms! and 11 kms! per binned pixel for the
UVB, VIS and NIR arm respectively. The reduction of the rawries was conducted using the
standard pipeline release of Reflex (version 2.3) for X-Séodata (Freudling et al., 2013).
The standard recipes were used to optimally extract andlesmgth calibrate each spectrum.
The instrumental response was removed by observing thérepkRotometric standard star
EG 274 (Hamuy et al., 1992, 1994) and dividing it by a flux tadifiehe same star to produce
the response function. x We obtain a signal-to-noise r&NR) in the average spectra of the
systems betweer 76 for HP Lib and only~ 6 for SDSS J1642 in the optical regime. In the
near-infrared HP Lib has a SNR ef 14, V803 Cen of~ 7 in the continuum. All the other
systems have a SNR belowin the near-infrared continuum. Table 6.1 gives an ovenoéw
all observations.

6.3 Spectral features

6.3.1 Optical spectra

We present the time-averaged spectra of HP Lib and V803 Ceigi® B and 6.5. Both sys-
tems show a similar overall spectral shape. The broad hdiosorption lines dominate the
spectra. Helium absorption lines are seen in AM CVn systemisigldwarf-novae type out-
bursts, as well as in high state systems with orbital perod@min (e.g. Roelofs et al., 2007b;
Levitan et al., 2013). HP Lib and V803 Cen appear very simiathe short period systems
AM CVn and SDSS J1908 (Kupfer et al. submitted). V803 Cen is kmtahave an orbital
period of 26.6 min and shows helium lines in emission durimgscence and broad helium ab-
sorption lines during outburst (Roelofs et al., 2007b). €fane, our X-Shooter observations
of V803 Cen were conducted during an outburst. Besides thel ladosorption lines of helium,
we find evidence for weak absorption lines of nitrogen in HP (see Fig.6.4). No such fea-
ture can be seen in V803 Cen. Roelofs et al. (2007b) found mitr@dpsorption lines in high
signal-to-noise ratio spectra during outburst in V803 CelA.Lilb shows a series of absorption
features betweeB100 and3300 A. We are not able to identify the origin of these lines. We
cannot exclude that they originate from poor data extragtidghe UV (e.g. fringing).

Figure 6.6 and 6.7 show the averaged X-Shooter spectrum @8 W§a and SDSS J1240.
Roelofs et al. (2006a) found that both systems show broadrhedbsorption lines from a DB
white dwarf which we also detect. On top of that, the spedi@\sstrong double peaked
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Figure 6.1: Zoomed region of the average X-Shooter spectra around the emissiorefan5170 A in
SDSS J1240. Profile of the HF065 A line in SDSSJ0804 and SDSSJ1642.
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Figure 6.2: Zoomed region of the average X-Shooter spectra around the neareihfiHe
10830.34 Aline in HP Lib, SDSSJ1240, SDSSJ0804 and SDSSJ1642.

helium emission lines from an optically thin, helium-domi@d accretion disc. Additionally,
Roelofs et al. (2006a) noticed also emission lines of siliagoon and nitrogen in both sys-
tems. The largest difference is the presence of strong dqédked Ca H&K disc emission
lines in V406 Hya. Such strong calcium emission lines haug baen observed in two other
AM CVn type systems (Levitan et al., 2013). Thanks to our highsolution X-Shooter spec-
tra we identify in both systems a strong Mgnultiplet in the far-red at around 9218 A as well
as the Mgl 4481 A line in the red wing of He4471 A. Roelofs et al. (2006a) identified a
broad emission feature around 5170 A as iron emission. Tgteehresolution reveals that the
emission around 5170 A can be better explained with a dows&ed Mg triplet originating

in the disc, although we cannot exclude that the magnesiurssen is superimposed with
some iron emission (left panel in Fig. 6.1).

SDSSJ1721 was discovered during a spectroscopic surveytatselected objects from
the Sloan Digital Sky Survey (Rau et al., 2010). Figure 6.8xshthe average spectrum of
SDSSJ1721. The blue part of the spectrum is dominated bydbdvebum absorption lines
from the accretor, whereas the red part of the spectrum isrdded by double-peaked helium
disc emission lines. Unfortunately, the low signal-toseoiatio ¢~ 10) average spectrum does
not allow us to search for additional weak spectral featafesfferent species.

Figure 6.9 shows the average spectrum of the remarkablensySDSS J0804. Roelofs
et al. (2009) revealed single-peaked helium emission hvidsan unusually strong series of
ionized helium and speculated that SDSS J0804 is the firshet@gAM CVn star. The large
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Table 6.2: Overview of the detected elements.

System Heu® N1 Nuo N Ci/u Or Nel Mgl Mgn Sii Sin Siin Su  Can  Fell

He
HM Cnc e e x@ T e - X X - - - - - X - -
AMCVn/ & - X - - - X X - a - - - X - -
SDSSJ1908 a - - a
a
e
e
e
e
e
e

HP Lib
V803 Cen
PTF1J0719
PTF1J09453
V406 Hya
PTF1J0435
SDSSJ1730
SDSSJ1240 e e e - - - - - de - - e - - - &
SDSSJ0129 e - - - - - - - - - - e - - - e
SDSSJ1721 e - e - - - - - - - - - - - - .
SDSSJ1525 e - X - - - - - - - - e - - - e
SDSSJ0804 e e e e - - - - e e - e - - - e
GP Cont e e ela e - - e e - - - - - - - -
SDSSJ1208
SDSSJ1642 e - e - - - - - a - - - - - - -
SDSSJ1552
SDSSJ1137
V396 Hy&'
SDSSJ1505
PTF1J2219
PTF1J085%7
PTF1J1523

(¢]
1
(9]
1
1
1
1
1
QD
1
QD
(¢]
1
1
1
1

® ® D D D D D
1

- - - - - - - - e - - - e

@ Kupfer et al. (submitted; HeIl lines other than 4686 A:Roelofs et al. (2007b) found N; ¢ possibly Fei; ¢ possibly Mgi; 7 Carter
et al. (2014b)¢ Kupfer et al. (2013)* Kupfer et al. (submitted); Roelofs et al. (2010¥; Roelofs et al. (2006b): Levitan et al. (2011)’
Levitan et al. (2013)7* Roelofs et al. (2007c); Carter et al. (2014a);e: emission lines, a: absorption lines; x: not covered by the
spectral -: not detected
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spectral range allows us to identify more than 40 individtehsitions of neutral and ionized
helium. In particular, the large number and strength ofzedihelium lines is remarkable and
can act as a benchmark to identify these lines in other sygstéve find indications of a weak

central spike feature in the H&065A line (middle panel in Fig. 6.1). Additionally, strong
N 11 emission lines as well as iron and silicon emission linedatected over the full optical

range.

Kupfer et al. (2013) detected strong helium emission limeshe average spectrum of
SDSS J1642 and measured an orbital period of 54.2 min. Ashdily, SDSS J1642 is one of
the three known systems to show absorption lines ofi Mdupfer et al., 2013). Figure 6.10
shows the average spectrum obtained with X-Shooter. Tratrsiperesolves the helium emis-
sion lines and reveals the typical double peaked disc pwfilea central spike on top (right
panelin Fig. 6.1). For the first time the far-red part of thectpum can be inspected for spectral
features. We identify broad nitrogen emission lines in @reréd. Unfortunately, the signal-
to-noise ratio is not high enough to clearly confirm the magma absorption lines around
3850A.

Table 6.2 gives an overview of the detected elements in teeesys observed with X-
Shooter as well as in other systems from the literature.

6.3.2 Near-infrared lines

X-Shooter spectroscopy allows us to search for spectrassignatures in the near-infrared
part of the spectrum. Kupfer et al. (submitted) found strdogble-peaked helium emission
lines in the near-infrared of GP Com and V396 Hya. None of thiees show a strong central
spike feature.

Fig. 6.2 shows He10830A of the systems where the lines are detectable. Agaime
of the lines show a central spike feature. In the opticalhlstate systems show helium lines
in absorption and can be well distinguished from the lowestytstems which show the lines
from neutral helium in emission. All systems of our samplevslihe Ha 10 830A line in
emission, which was expected for the low state systems. kawor the high state system,
HP Lib, this a rather surprising result. Table 6.3 gives agreew of the measured equivalent
widths of Hel 10830 A.

6.4 Disc temperature of SDSS J1642

Kupfer et al. (2013) computed flux ratios of optical heliumels from Doppler tomograms
to estimate the temperatures of the disc and the bright dpiotuo AM CVn systems. The
obtained flux ratios were compared to a single slab LTE modé&l wniform temperature and
density. They found good agreement between data and thel mdteee out of four systems
for the disc region. SDSS J1642 was found to have a disc tenyerof T;,.=10 200+ 300 K
(Kupfer et al., 2013).

We extend this analysis for SDSS J1642 by including the ideared Ha 10830 A line.
An equivalent width (EW) ratio of EW(5875 A)/EW(108304)6.88 4 0.35 is calculated
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Figure 6.3. Comparison between observed disc emission (horizontal lines) and tattelguivalent
width ratio for a LTE slab model with a fixed path lengthlefld’cm and density of 1Gcm~! for the
equivalent width ratio of the disc emission region (curved line). The hot&dine corresponds to the
measured equivalent width ratio with the error shaded in grey aroundtimohtal line. The vertical
dotted lines mark the region of the disc temperature found by Kupfer ettdl3}2

and compared to a single slab LTE model. Figure 6.3 showghleatquivalent ratio can be
explained with a disc temperature of, J=6600+ 100 K which is inconsistent with the result
of Kupfer et al. (2013). To match their result an EW ratid a3 4+0.05 is required. Therefore,
a full usage of the near-infrared lines requires a more maldisc modelling than has been
used so far for the optical regime.

6.5 Limits on the primary mass and inclination

We measure the peak-to-peak velocity in the double-peakésseon profile for those systems
where this feature is present by fitting a double GaussianTab. 6.3). The peak separation
is an indicator of the (Keplerian) disc velocity of gas in théer ranges of the accretion disc
(Horne & Marsh, 1986).

Groot et al. (2001) put limits on the primary mass and theimation angle of the CP Eri
from the half of the measured peak-to-peak velocities. Hssymed a disc size which extends
to 70 % of the primary Roche lobe. Using the same assumption on tleestis and equation
4 from Groot et al. (2001), we derive a relation of the primargss and the inclination angle
for our systems with a measured orbital period and pealetdpelocity.

Ml’V406Hya = 0.152 sin*?’(i) M@ (61)
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Table 6.3: Measured peak-to-peak velocities and equivalent widths oflla830 A.

System outer disc vel. EW (10830A)
(kms™) (A)
HP Lib -a —-6.5+0.4
V803 Cen g —4.0+0.6
V406 Hya 1408-36 4
SDSSJ1240 74212 —140.%42.6
SDSSJ1721 180565 4
SDSSJ0804 ¢- -114.14-1.8
SDSSJ1642 61526 —-497.4-9.1
% not detectable
MI,SDSS J1240 — 0025 Sin_3(i) M@ (62)
Ml,SDSS J1642 — 0021 sin_g(i) M@ (63)

None of the systems show (grazing) eclipses. Therefore,avars upper limit on the
inclination angle ofi < 70° and derive a lower limit of the accretor massMf vio nya >
0.183 Mg, M; spss ji240 > 0.030 M andM; spss ji642 > 0.025 M, for V406 Hya, SDSS J1240
and SDSS J1642 respectively. In particular the accretosivag of the latter two systems
is not very strict, which is a result of the small peak-to{psaparations. The mass of the
accretor has to be below4 M., which sets a lower limit on the inclination angle. We find
iV406Hya > 28°, 1gpss 1240 > 15° and 1SpSS J1ga2 > 14° for V406 Hya, SDSS J1240 and
SDSS J1642 respectively.

6.6 Discussion

6.6.1 Helium lines

All spectra of our sample of AM CVn type binaries are domindigdtrong helium lines. Sys-
tems with orbital periods below 20 min and during dwarf-retygpe outbursts show absorption
lines in their spectra. HP Lib and V803 Cen show broad heliusogition lines, confirming
that V803 Cen was observed during outburst.

In the mid-period range (R, ~ 30-40 min) V406 Hya, SDSS J1240 and SDSS J1721 show
broad absorption lines of the accreting white dwarf and oproff the absorption lines, double-
peaked helium emission lines of the accretion disc. V406 IH25S J1240 and SDSSJ1721
have orbital periods of 33.8 min, 37.4 min and 38.1 min rebypely (Roelofs et al., 2005,
2006a, Augusteijn, T, private communication), which is helagreement with the observed
spectral features.
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Table 6.4: Strongest expected lines of various metals

Element Spectral line Comments

(A)
Ci 8335, 9100, 9405, not detected in an AM CVn
Cl 4267,6578, 6582 not detected in an AM CVn
NI 4099, 4109 in the blue spectral range
NI 7450, 8200, 8700 in the red spectral range
NI 4630, 5680
Ol 7774, 8446
Ol 4349, 4414, 4649 not detected in an AM CVn
Nel 6402, 6506
Mg | 5167,5172,5183 blended with Re
Mg 7896, 9218, 4481 4481 blended with H#&71
Sil 3905
Sill 4130, 5056, 6347
Sitn 4552, 4567, 4574
Sl 5606, 5639
Call 3933, 3964 Ca H&K
Feil 5169, 5317 5169 blended with Mg

On the long-period end (B, > 40 min) SDSS J0804 and SDSS J1642 have spectra which
are dominated by strong helium disc emission lines. SDS&2J%6ows the typical double-
peaked helium emission lines with a strong central spikeifeaSDSS J0804 is a remarkable
system because the system is dominated by only broad giegled lines without a central
spike. Only the He 7065 A line displays a weak central spike feature. Additiynahe
system shows exceptional strong iiHéines. Roelofs et al. (2009) found that the spectrum
of SDSS J0804 looks like a hydrogen deficient copy of magr@tis and speculated that
the exceptional spectrum of SDSS J0804 can be explainee ifybtem is magnetic. Our
medium-resolution spectroscopy confirms this result ancevelude that SDSS J0804 is a
good candidate to be the first magnetic AM CVn type binary.

6.6.2 Metal lines

Since the composition of the accretion disc and/or the ujgyer of the primary white dwarf
reflects the transferred material of the secondary, therebdeabundances are expected to
represent the composition of the donor star. Marsh et aBllfredicted Si emission at
6346 A and 6371 A and Fe emission at 5169 A to be the strongest metal lines in helium-
dominated optically-thin accretion discs. In principlee tstrength of these lines can be used
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to determine the initial metalicity since their abundaneaot supposed to be affected by
nuclear synthesis processes during binary evolution.

About half of the systems in Tab. 6.2 show clear evidencelicbsi. The Fal emission at
5169 A is superimposed with Mg At least for V406 Hya and SDSS J1240 we find evidence
of strong Mgl lines in the far-red and therefore conclude that the emisigature at 5169 A
can at least be partly caused by Mdtrong magnesium lines were also detected in the three
systems which show orbital periods betw&ers0 min, although in absorption. Therefore, we
find a significant number of systems showing strong magnebnes. An overabundance of
magnesium cannot be explained by any nuclear burning ppesespected to have occurred
in these systems.

Table 6.4 gives an overview of the strongest detected met&d In AM CVn type systems
and for carbon and oxygen the strongest expected lines.

6.6.3 Implications on the formation history

During the main-sequence phase of the donor, hydrogenrdgiaacurs through the CNO cy-
cle. The bottleneck reaction in the CNO cycle is nitrogen tggen which increases the nitro-
gen abundance and depletes the carbon and oxygen abuntfahee€CNO cycle is somehow
interrupted (e.g. through mass-loss) the system is expéctbe left with an overabundance
of nitrogen. If the object reaches the helium burning phaséum is burned through the
triple-alpha process which produces carbon. Additionalpha captures on nitrogen produce
oxygen. Therefore, the helium burning phase increaseshiinedance of oxygen and carbon
and decreases the abundance of nitrogen. That means thiira adite dwarf donor will
show enhanced nitrogen and depleted oxygen and carboneagharsemi-degenerate helium
star will show increased carbon and oxygen compared togatrgNelemans et al., 2010).

None of our objects show evidence for carbon and only GP Comistw@ak oxygen lines.
In contrast, almost all stars of the sample presented in6Talshow nitrogen lines which are
expected to represent the accreted material from the déaor’dthough we cannot constrain
the exact donor type without an accurate abundance measntgeime absence of carbon and
oxygen indicates that none of the systems have a highly eddielium star donor.
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6.7 Appendix
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SUMMARY & CONCLUSIONS

The majority of stars are born in binary stars. If the inipatiod of the system is short enough
(Pop < 30yr) both components can come into contact and the systenssbpoend up as
(ultra-)compact binaries with orbital periods of a few megiup to several hours, consisting
of at least one degenerate object. Although many differ@ngtel scale surveys increased the
number of known (ultra-)compact binaries significantlylod tast years, many open questions
remain. What happens during the common envelope phase? Wiotitienary paths are
preferred for different mass ratios? What fraction of systenerge and what kind of object
is formed during the merger? How many systems prevent thgar@rWhat is the effect of
angular momentum transfer in the system? How do the diftaretividual populations of
(ultra-)compact binaries fit in the whole family of (ultraempact binaries? A detailed obser-
vational study of the different populations as well as a geeparameter study of individual

systems is crucial to address these questions.

Population of compact hot subdwarf binaries

Compact hot subdwarf binaries (sdBs) are binaries with psriieiween one hour and a few
days consisting of a core helium burning hot subdwarf staratow mass main sequence
(dM) or white dwarf companion. In chapter 2 we present otlaitad atmospheric parameters
and put constraints on the nature of the companions of 12 ¢los subdwarf star binaries,
leading to the 142 known systems of hot subdwarf binarieb wibital periods less than 30
days and measured mass functions. For the first time, ael@faopulation study of the known
population of compact hot subdwarf binaries was carried out

We present an analysis of the companion mass distributidnrshow that it is bimodal.
One peak around.1 M corresponds to the low-mass main-sequence (dM) and slalostel
companions. The other peak around M, corresponds to the white dwarf companions. The
derived masses for the white dwarf companions are signtfickower than the average mass
for single carbon-oxygen white dwarfs. Irlg — log g diagram of sdB+dM companions we
find signs that the sdB components are more massive compuatiee test of the sample.

The formation of low mass helium white dwarf (WD) binarieslwibasses: 0.45 M, and
WD companions is expected to occur in a similar way as the foomaf sdB+WD binaries
with the difference that the low mass helium white dwarf E®s0 much mass during the
common envelope phase that it is not massive enough to igeliiem in the core. Compact
WD+dM binaries are also the product of common envelope eaolEnd so we might expect
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that the properties of these binaries are similar to the st¥Bsidaries. Indeed, some WD+dM
systems may have been created as hot subdwarf stars with oigacwons where the sdB
primaries since evolved to become white dwarfs with masksedo 0.47 M,. Both samples
show a significantly different companion mass distributraficating either different selection
effects or different evolutionary paths.

Sixteen systems were identified where the dM companion Wiit§iRoche lobe within a
Hubble time due to the orbital shrinkage and which will euatiyy evolve into a cataclysmic
variable; two of them will have a brown dwarf as donor starellw@ systems with confirmed
WD companions will merge within a Hubble time where the mayai8 systems) have a mass
ratio such that they most likely will merge and form RCrB starsnassive C/O white dwarfs.
KPD1930+2752 and CD-301223 have massive WD companion with masse8.7 M, and
are therefore potential supernova la progenitors. Theireéngatwo systems have a very low
mass ratio and most likely prevent the merger and evolvearsiable AM CVn type binary.

The properties of ultracompact AM CVn type binaries

AM CVn systems are semi-detached ultracompact binariesseltgstems show orbital peri-
ods between 5.4 - 65 min and consist of a degenerate primdrgami-)degenerate secondary.

Chapter 3 presents a full analysis of phase resolved specpwpf four recently dis-
covered AM CVn type binaries. We measured the orbital permfdall four systems and
identified distinctive features in the grand average spexdrwell as the phase folded spectra.
SDSS J1208 shows two bright spots with a phase offset 6f 1283 a feature that has already
been observed in SDSS J1240 and shows up in GP Com and V396liiyadc4).

We discovered that three of the systems have orbital pebetigeers0 and60 min. Only
those show strong absorption lines of Mand sometimes $f11. No AM CVn system at other
orbital periods show these lines. There is no evidence skthees in the 65 min period system
V396 Hya. The 46 min period system GP Com shows only nitrogefgorption (chapter 4).
We measured no significant radial velocity variations fesenlines, likely indicating that these
lines originate on or very close to the accreting white dwsfétal absorption lines are well
known from single white dwarf spectra but, for the tempeamtange where Mgis visible,
also the Cal H & K lines should be present. There is no evidence for calamugither of the
systems and we discuss three different scenarios to expiginbundance anomaly.

As Doppler tomography remaps line intensities from the Wength-time domain to the
velocity frame, the technique can also be used to deriveititemsities of specific regions in
the binary system. We extracted the flux ratios for severalmdines for the disc and bright
spot region and compared them with single-slab LTE modells vdriable electron densities
and path lengths to estimate the disc and bright spot terysersatructure in the disc. This
technique was used for the first time to limit the charactiegf the accretion disc and bright
spot regions under the assumption of an LTE slab model in AM G)ge binaries. Of course,
the single-slab LTE models with uniform density and tempemare a simplification of the
real environment in an accretion disc. Nevertheless, wadgood agreement between data
and the model in three out of four studied systems for themigion. All three systems show
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similar disc temperatures 6¥10500 K whereas no agreement between the models and the
observations was found for the bright spot region.

Keplersatellite photometry and phase-resolved spectroscopeailtracompact AMCVn
type binary SDSS J1908 is presented in chapter 4. SDSS J$%8 AM CVn system of
particular interest because it is in the Kepler field and waseoved with Kepler over almost
3 years continuously which results in an unprecedentedsgdtior any ultracompact binary.
Keck, GranTeCan and the William Herschel telescope were fasédllow-up phase-resolved
spectroscopic observations of SDSS J1908 to better uaderthe properties of this system.
The phase-folded spectra and the Doppler tomograms revé&algave in emission in the core
of the Hel 4471 A absorption line. The Sil, Mg and the core of some Hdines show an
S-wave in absorption with a phase offsetl@f) + 15° compared to the S-wave in emission.
We measured the orbital period to Bg;, = 1085.108(9) min, confirming the AM CVn type
nature of the system. We find that SDSS J1908 is the first hagh system, which shows a
large number of metal lines, including silicon, sulphur anglgnesium as well as many lines
of nitrogen. Such lines help to constrain the evolutionaagkground of SDSS J1908. The
detection of nitrogen and the absence of carbon and oxyglkeaites CNO processed material
which favours a helium white dwarf donor in SDSS J1908.

Additionally, in a Fourier transform of the three years ohsecutivekepler observations
we find42 different periods in the system well above the noise. Mosheieriods show large
amplitude and frequency variations. Additionally a largenier of peaks were detected in
the Fourier transform which are only visible for a few weaksnhths. Using O-C diagrams,
we showed that some periods show that some of the strongistivas show a variability of
|P| ~ 1.0x1078ss! likely to occur in the superhump phenomenon. We also set i dim
the orbital period derivative di°| < 10~'°ss™'. The shape of the phase folded lightcurve on
the orbital period indicates the motion of the bright spovimg in and out of the line of sight.
However, in a comparison between the observed phases ofitissien/absorption lines and
the variation in the lightcurve we are not able to match thession or absorption components
to any obvious feature in the binary system such as the bsjghtt the accretor or the donor
star. Therefore the location of the spectroscopic vaitglyg#mains undetermined.

High-resolution phase-resolved spectroscopy allows asuareaent of the velocity in the
observed systems accurately. Chapter 5 presents high- asidmeesolution UVES and X-
Shooter phase-resolved spectroscopy of the well known AM Gige binaries GP Com and
V396 Hya. The spectra obtained with X-Shooter cover the dplical/near-infrared range
from 0.3 - 2.5um. All the helium lines in the optical regime show, on top & thisc emission,
a strong central spike feature. Interestingly, none of #lam lines in the near-infrared of
GP Com and V396 Hya shows this sharp central spike featurewiia rather surprising re-
sult. A large number of weak nitrogen and neon emission kmere detected in both systems
as well as nitrogen in absorption in GP Com. The overabundaintiérogen can be explained
with CNO burning whereas neon is only produced during heliumming. We find two pos-
sible solutions. One explanation is that some helium bgrmiocurred in the donor which
increased the neon abundance but stopped early enoughdepiete the nitrogen abundance.
Another explanation would be that little helium burning oged in the donor and due to diffu-
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sion processes the neon abundance in the core of the donenwasced and what we see now
is accretion of the core where only very little helium wasrad but which was additionally
enriched with neon due to diffusion.

The high-resolution spectroscopy allowed us to measureaitial velocity variations of
the central spike features and the metal lines accuratetyshgw that the neon and nitrogen
lines follow the motion of the central spike and are therefalso linked to the accreting white
dwarf. Doppler tomograms reveal a second bright spot in BgHtems. From the phases
and amplitudes of the central spikes and the primary brigbt as well as the peak-to-peak
separation of the double peaked helium disc emission lireelsmit the inclination angles and
the component masses assuming that the velocity of thetksygt is either purely ballistic
stream velocity or purely Keplerian disc velocity. For GP Ceva find an accretor with a mass
of Mi cpcom > 0.55 Mg seen under an inclination angle4f® < i < 74° for purely ballistic
stream velocity. For purely Keplerian disc velocity the rator has a mass a¥/; ¢p com >
0.33 M and the system is seen under an inclination angl&3df< ¢ < 74°. The donor in
V396 Hya is expected to be a zero temperature donor star. \Weafpossible mass for the
accretor 0f0.37 < M vagsnya/Me < 0.49 and the system is seen under an inclination angle
of 51° < ¢ < 78° for purely ballistic stream velocity. For purely Kepleriaisc velocity
the accretor has a mass@B2 < M; vsosnya/Me < 0.45 and the system is seen under an
inclination angle oft7° < ¢ < 78°.

The spectra show forbidden helium lines as well as a largahiity of the mean velocities
of the central spike features. Stark broadened modelsqtriedih of these features. For the
first time the central spikes were compared to computed $rafikes and we find good agree-
ment between the Stark broadened models and the observiddgfor an electron density
aroundn, ~ 5 x 10% cm™3.

The high-resolution spectra resolve the weak and narrow aed nitrogen lines. There-
fore, these lines are well suited to estimate the rotatieelalcity of the accreting white dwarf.
The emission lines were compared to synthetic line profileelvonly include thermal and
rotational broadening. We show that the lines do not allest fi@ojected rotational velocities;
Ut < 46kms! for GP Com andy,,; < 34kms™! and conclude that the accretor is most
likely in agreement to being tidally locked to the orbit.

As part of the Dutch GTO program, X-shooter was used to oleseeven AM CVn type
binaries. These systems cover almost the entire range d&nibven population of AM CVn
type systems with a period range of 18 min up to 44 min. Theltesfithe analysis of this
homogeneous sample is presented in chapter 6.

For the first time weak nitrogen absorption lines were detktt HP Lib and the spectra of
V406 Hya and SDSS J124058.03—015919.2 display stronggeitrand magnesium emission
lines in the far-red. SDSS J080449.49+161624.8 shows rhare40 different transitions of
neutral and ionized helium. In particular, the Hénes appear to be exceptional strong. The
overall spectrum looks like a hydrogen deficient copy of a mesig CV and we speculate
that the exceptional spectrum of SDSS J080449.49+1616@2h &e explained if the system
is magnetic. All systems of our sample show thel @ 830A line in emission, which was
expected for the low state systems. However, for the higie stgstem, HP Lib, this a rather
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surprising result.

In chapter 3 flux ratios of the optical helium lines were useedtimate the temperatures of
the disc and the bright spot of four AM CVn systems. The obthihe ratios were compared
to a single slab LTE model with uniform temperature and dgresad we found good agree-
ment between data and the model in three out of four systentldalisc region. In chapter
6, we extend this analysis for SDSS J1642 by including the-imdi@ared Ha 10830 A line
and show that the usage of the near-infrared lines requirera mvolved disc modelling than
single-slab LTE models.

We measured the separation of the double-peaked heliunsiemigrofile for those sys-
tems where this feature is present. Because the peak sepaafin indicator of the (Ke-
plerian) disc velocity of gas in the outer ranges of the acmmedisc we are able to put
limits on the primary mass and the inclination angle. A lowsnit of the accretor mass
of Ml,V406Hya > 0.183 M@, Ml,SDSSJ124O > 0.030 M@ and MLSDSSJ1642 > 0.025 M@ for
V406 Hya, SDSS J1240 and SDSS J1642 respectively was foumgarticular the accretor
mass limit of the latter two systems is not very strict, whiela result of the small peak-to-
peak separations. For the inclination angle, we findsuya > 28°, ispsssiza0 > 15° and
ispss J1642 > 14° for V406 Hya, SDSS J1240 and SDSS J1642 respectively.

Additionally, we present an overview of detected elememis large number of AM CVn
type systems. A remarkable result is, that almost all systeinow nitrogen lines, whereas
none of the systems show carbon and only GP Com shows weakrmxfgealready described
earlier, nitrogen is enhanced during hydrogen burningutinche CNO cycle. If in the follow-
ing evolution helium ignites, carbon is produced throughttiiple-alpha process and oxygen
is enhanced by alpha captures of nitrogen which decreasesttbgen abundance. Therefore,
a pure helium white dwarf where no helium burning occurreskigected to show a large over-
abundance of nitrogen, whereas a semi-degenerate heliut@ avarf will show increased
carbon and oxygen and decreased nitrogen abundances.ugditivee cannot constrain the
donor type of the studied systems without an accurate almgedaeasurement, the absence of
carbon and oxygen indicates that none of the systems haslg biplved helium star donor.
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De meerderheid van de sterren wordt geboren in dubbelssézragn. Als de initi€le baan-
periode van het systeem kort genoeg is, dan kunnen beideat@nien in contact komen en
kan het systeem eindigen als een (ultra-)compacte dubbetgit een baanperiode van enkele
minuten tot een paar uur, met tenminste één gedegenerejeat, ate uitgebrande kern van
een ster. Ondanks het feit dat verschillende grote ‘sutwydaatste jaren het aantal bek-
ende (ultra-)compacte dubbelster systemen beduidendtbeetoen nemen, zijn er nog veel
open vragen. Wat gebeurt er tijdens een ‘common-envel@se” Hoe hangt de massaver-
houding samen met evolutionaire geschiedenis van hetesy8teWelke fractie van syste-
men versmelten en wat voor object ontstaat er tijdens eerrsamelting? Hoeveel systemen
voorkomen een samensmelting? Wat is het effect van ovdrtvan draaiimpuls? Hoe passen
de individuele (ultra-)compacte dubbelsterren in de pajpeivan (ultra-)compacte dubbelster-
ren? Een gedetailleerd onderzoek naar de verschillenddqitgs, zowel als onderzoek naar
de precieze parameters van individuele systemen zijnaabom al deze vragen te beantwo-
orden.

Populatie van compacte, hete subdwerg dubbelsterren

Compacte, hete subdwerg dubbelsterren (sdBs) zijn dublbrelst@met baanperiodes van 1 uur
tot een paar dagen waarin de zwaardere van de twee sterrasteeéndie helium in de kern
verbrand. De tweede ster in het systeem is of een witte dwWegydage massa hoofdreeksster.
In hoofdstuk 2 presenteren we de baanperiodes en atmasienmrameters en stellen limi-
eten aan de aard van de begeleiders van 12 nauwe hete sulohhlvbegsterren. Dit brengt het
totaal op 142 bekende systemen van hete subdwerg dubbststeet een baanperiode minder
dan 30 dagen en een bekende massafunctie. De massafuretiecidmbinatie van waarneem-
bare parameters die een onderlimiet geeft aan de massa Yanggziene) begeleider in het
systeem.

We laten zien dat de massadistributie van de begeleidersdaiah is. Een piek rond de
0.1 M komt overeen met lage massa hoofdreeks sterren (dM) enebduwiergen. De andere
piek rond0.4 M. komt overeen met witte dwergen als begeleider. De gemetegraisavoor de
witte dwergen zijn beduidend lager dan de gemiddelde massaen koolstof-zuurstof witte
dwerg. In een temperatuur-oppervlakte zwaartekrachtramgan sdB+dM sterren zien we
tekenen dat de sdB componenten zwaarder zijn dan de resevaiBdsterren.

De vorming van lage massa helium witte dwerg (WD) dubbelstemet massa's 0.45 Mg
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en een witte dwerg begeleider is vergelijkbaar met de vagman sdB+WD dubbelsterren,
met het verschil dat de lage massa helium witte dwerg te vasbenverliest tijdens de ‘com-
mon envelope’ fase zodat deze niet zwaar genoeg is om heigienih de kern op te starten.
Compacte WD+dM dubbelsterren zijn ook het product van een feomenvelope’ evolu-
tie en dus is het te verwachten dat de eigenschappen van dbbelsterren vergelijkbaar
Zijn met de sdB+dM dubbelsterren. Dit lijkt het geval te zidommige WD+dM systemen
zouden gemaakt kunnen zijn als hete subdwerg ster met eereg®dider waarbij de sub-
dwerg ster vervolgens evolueert tot een witte dwerg met eessenrond de 0.47 M Beide
groepen hebben een beduidend verschillende begeleideammardeling wat aangeeft dat de
ene groep makkelijker te vinden is dan de andere of dat deisalerschillend voor beide
groepen.

We hebben zestien systemen gevonden waarbij de dM begehsiii&ochevolume vult
binnen de Hubbletijd doordat de baanperiode afneemt. Dgsteraen zullen dus evolueren
naar een cataclysmische variabele, waarbij twee van detensgn een bruine dwerg begelei-
der hebben. Twaalf systemen met witte dwerg begeleidelexzoinnen de Hubbletijd samens-
melten waarbij de meerderheid (acht systemen) een mabksaning heeft zodat ze waarschi-
jnlijk een RCrB ster vormen of een zware C/O witte dwerg. KPDHX23(b2 en CD-3011223
hebben een zware WD begeleider met een massa v M, en zijn dus mogelijk voorlop-
ers van een type la supernova. De overgebleven twee systeshban een zeer lage massaver-
houding en zullen waarschijnlijk niet samensmelten maarstgbiele AM CVn type dubbel-
ster vormen.

De eigenschappen van ultracompacte AM CVn type dubbel-
sterren

AM CVn systemen zijn ultracompacte dubbelsterren waarhij e de twee sterren zijn
Rochevolume vult. Deze systemen hebben baanperiodes tdeserdl tot 65 minuten en
bestaan uit een gedegenereerde ster en een (semi-)gedegdadegeleider.

In hoofdstuk 3 beschrijven we de analyse van fase opgelpsterescopie van vier recent
ontdekte AM CVn dubbelsterren. We meten de baanperiode Varvigh de systemen en
identificeren karakteristieke eigenschappen in zowel deidgelde van de spectra als de op-
fase-gevouwen-spectra. SDSS J1208 heeft twee ‘bright’spitomstig van de accretieschijf
met een baan fase verschil van 125 23°, een eigenschap die ook al waargenomen was in
SDSS J1240, GP Com and V396 Hya (hoofdstuk 4).

We hebben 3 systemen ontdekt met een baanperiode tus$@red&0 minuten. Alleen
deze systemen vertonen sterke absorptie lijnen van étgsoms Si/il. Geen AM CVn sys-
teem met een andere baanperiode vertoont deze lijnen. eze tijn ook niet te zien in
het 65 min periode systeem V396 Hya. Het systeem met een &aad@ van 46 minuten,
GP Com, vertoont alleen stikstoflijnen in absorptie (hoafklgl). We meten geen significante
radiale snelheidsvariaties in deze lijnen, wat waarstjkijpetekent dat ze door de witte dwerg
of door de accretieschijf dichtbij de witte dwerg worderge#onden. Metaal-absorptielijnen
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zijn bekend in witte dwerg spectra maar voor het temperagererk waarover Mg zichtbaar
is, zouden ook de QaH & K lijnen zichtbaar moeten zijn. In geen enkele van dezdesys
men zijn de calciumlijnen te zien en we bespreken drie mikgeticenario’s die dit kunnen
verklaren.

Doppler tomografie transformeert de spectra van een gotéetijg weergave naar een
snelheidsweergave. De techniek kan daarom gebruikt warghedie lijnintensiteiten te meten
van specifieke plaatsen in het dubbelstersysteem. We metenesiteitsverhoudingen van
de verschillende heliumlijnen van de schijf en de ‘brighdtsen vergelijken dit met enkele-
schijf-LTE modellen met variabele elektronendichthederpadlengtes om temperatuur van
de schijf en ‘bright spot’ af te schatten. Dit is de eerster kit deze techniek gebruikt wordt
om de schijf- en ‘bright spot’ eigenschappen te meten in AM Gystemen onder aanname
van lokaal thermisch evenwicht (LTE). Deze modellen zijtundijk een simplificatie van de
werkelijkheid. Desondanks vinden we een goede overeertkassen de metingen en de mod-
ellen in drie van de vier bestudeerde systemen. De schijieaturen van deze drie systemen
vertonen een vergelijkbare temperatuur val0 500 K, maar er is geen goede overeenkomst
tussen de metingen en modellen van de ‘bright spot’.

Fotometrische data van depler satelliet en fase opgeloste spectroscopie van het ultra-
compacte AMCVn systeem SDSS J1908 wordt besproken in hatfdstSDSS J1908 is een
AM CVn systeem dat bijzonder is omdat het in het Kepler-ve&isen dus bijna 3 jaar lang
ononderbroken waargenomen is door de satelliet, wat easetadplevert die niet te vergeli-
jken is. Keck, GranTeCan en William Herschel telescopen gghruikt om fase-opgeloste
spectroscopische waarnemingen te doen van SDSS J1908 adgedsahappen van het sys-
teem beter te kunnen begrijpen. De op-fase-gevouwen spectile Doppler tomografie dia-
grammen tonen een duidelijke S-golf in emissie in de kerndehlel 4471 A absorptie lijn.

De Sil, i1, Mg 1l en de kern van sommige Héjnen laten ook een S-golf in absorptie zien met
een fase-verschil vanr0 + 15° vergeleken met de S-golf in emissie. De baanperiode van het
systeem if>,;, = 1085.108(9) min, wat bevestigt dat het een AM CVn systeem is. We stellen
vast dat SDSS J1908 het eerste ‘high state’ systeem dat eetregintal metaallijnen vertoond,
onder ander silicium, sulfaat en magnesium en ook veeltsfljgen. Deze lijnen zeggen iets
over welke evolutie het systeem wel (en niet) heeft doorofige aanwezigheid van stikstof
en het afwezig zijn van zuurstof en stikstof duid op dat de CME@us heeft plaats gevonden,
waardoor het waarschijnlijk is dat de begeleider in hetesyst SDSS J1908 een helium witte
dwerg is.

In een Fourieranalyse van de 3 jaar &aplerdata vinden wel2 verschillende periodes
duidelijk boven het ruisniveau. De meeste van de periodelkdregrote variaties in amplitude
en frequentie ondergaan. Ook is er een groot aantal piekéetifrourier spectrum dat er
maar een paar weken tot maanden zichtbaar zijn. Door de garsatverwachte baanfasen
tegen elkaar uit te zetten in een diagram (een ‘O-C diagrazien we dat sterkste variatie
|P| ~ 1.0x1078 s s ! waarschijnlijk veroorzaakt wordt door ‘superhumps’. Wéoben ook
een limiet gesteld aan de afname van de baanpetidfe: 10-'°ss™!. De vorm van de op
fase van de baanperiode gevouwen lichtcurve duidt er op @&dbreght spot’ in en uit het
gezichtsveld van de waarnemer beweegt. We vergelijkeroigeus de lichtcurve variabiliteit
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en de variabiliteit in de emissie- en absorptie lijnen, nteris niet mogelijk om de lijnen te
koppelen aan een van de componenten van de dubbelster. Zzakean de variabiliteit in de
emissie en absorptie lijnen is dus niet bekend.

Met hoge-resolutie, fase opgeloste spectroscopie is hgeljffoom de snelheid van het
systeem nauwkeurig te meten. In hoofdstuk 5 tonen we faselagtg, hoge en gemiddelde
resolutie spectra van de meest bekende AM CVn-type dubbeist&P Com and V396 Hya,
opgenomen met de UVES en X-Shooter spectrografen. De apamtkregen met X-Shooter
beslaan het volledige optische en nabij-infrarode deelhetrnspectrum, met een golflengte
bereik van 0.3 - 2.am. Alle heliumlijnen in het optische deel van het spectruntomen,
samen met emissie van de schijf, sterke, gecentreerdeierpisken. Interessant is dat geen
van de heliumlijnen in het nabij-infrarood van GP Com en V39@lden centrale piek verto-
nen, een verrassend resultaat. Een groot aantal zwakk&ostigen neon emissielijnen zijn ook
zichtbaar in beide systemen, evenals stikstof in absompti@P Com. De grote hoeveelheid
aan stikstof kan verklaard worden door de CNO cyclus fusiejiieneon alleen geproduceerd
wordt tijJdens helium fusie. Er zijn twee oplossingen vodrmtdobleem. Eén verklaring is dat
er een beetje helium fusie heeft plaatsgevonden in de doaardgor de hoeveelheid neon
toeneemt, maar dat deze fusie snel genoeg stopte om nistik#iof te vernietigen. Een an-
dere verklaring is dat er geen heliumverbranding plaadw e donor maar dat vroeg in de
evolutie van de donor neon naar de kern is gezakt. Wat we muiziemassa overdracht van
de kern waar maar een beetje helium fusie heeft plaats gempmaaar met extra neon door
diffusie.

Door de hoge resolutie van de spectra zijn we instaat om deleaghelheid van de cen-
trale pieken en de metaallijnen nauwkeurig te meten. De -nenrstikstoflijnen vertonen
dezelfde beweging als de centrale piek en zijn dus ook afigman de accreterende witte
dwerg. Doppler tomogrammen laten een tweede ‘brightsgeti m beide systemen. Uit
de fase en amplitude van de centrale pieken en de voornadgtespot’, en de piek-tot-
piek scheiding van de dubbel gepiekte helium lijnen van deeadie schijf, stellen we lim-
leten aan de inclinatie en massaverhouding, aangenomeasedhtight spot’ in een ballis-
tische baan of een Keplerbaan beweegt. Voor GP Com vinden waceetor massa van
M gpcom > 0.55Mg en een inclinatiehoek vath® < ¢ < 74°, aangenomen dat de baan
puur balistisch is. Als we aannemen dat de baan een Kepleibadan vinden we een ac-
cretor massa van/; gp com > 0.33 Mg en een inclinatiehoek vai8® < i < 74°. De donor
van V396 Hya is waarschijnlijk een ‘zero-temperature’ dotet massa bereik van de accre-
tor van0.37 < M vsssnya/Me < 0.49 en de inclinatie van het systeemi$® < i < 78°
voor puur balistische baansnelheden. Voor baansnelhededesschijf met een pure Kepler-
baan is de accretor mas8&2 < M vagsnya/Me < 0.45 en ligt de inclinatiehoek tussen
AT° <4 < T8°.

De spectra vertonen verboden heliumlijnen en ook een giatabiliteit van de gemid-
delde snelheid van de centrale pieken in de heliumlijnerarkSterbreding-modellen voor-
spellen deze beide effecten. Voor de eerste keer zijn deatepieken vergeleken met berek-
ende Stark profielen en we vinden een goede overeenkomshtds<Stark-verbrede modellen
en de waargenomen profielen voor een elektronendichthaid va 5 x 10! cm=3.
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Omdat in de hoge-resolutiespectra de zwakke en smalle rostikstoflijnen goed te
zien zijn, is het mogelijk om hieruit de rotatiesnelheid \dawitte dwerg te bepalen. We
vergelijken emissielijnen met synthetische lijnprofietlie alleen thermische en rotationele
verbreding in acht nemen. Hieruit volgt dat de geprojecteeotationele snelheid niet hoger
kan zijn danv,,; < 46kms! voor GP Com en,,; < 34kms™!, en we concluderen dat de
accretor waarschijnlijk gesynchroniseerd wordt met denbaa

Als onderdeel van het Nederlandse GTO programma (gegazedeléijd omdat Neder-
land meegebouwd heeft aan X-Shooter) hebben we X-Shoodbenigeom zeven AM CVn
systemen te observeren. Deze systemen bestrijken het éedik lman mogelijke periodes,
tussen de 18 min tot 44 min. Het resultaat van de analyse anhaenogene steekproef wordt
beschreven in hoofstuk 6.

Voor de eerste keer hebben we zwakke stikstoflijnen waargenan het systeem HP Lib
en in de spectra van V406 Hya en SDSS J124058.03-015918.@eisterke stikstof en mag-
nesium emissie lijnen in het ver-infrarood. In het spectuian SDSS J080449.49+161624.8
zijn meer dan 40 verschillende overgangen van neutral emggeierd helium te zien. Vooral
de Hell lijnen zijn buitengewoon prominent. Het algehele specthijkhop een magnetische
cataclysmische variabele zonder waterstof en we speculiere ook dat SDSS J080449.49+
161624.8 een systeem is waarbij het magneetveld de acdostimeerd. Alle systemen die we
waargenomen hebben vertonen de B@830A lijn in hun spectrum, iets wat we verwachten
in ‘low state’ systemen. Maar voor het ‘high state’ systeeRLib was dit een verrassende
vondst.

In hoofstuk 3 gebruikten we de flux verhoudingen van de opégeliumlijnen om de tem-
peratuur van de schijf en de ‘bright spot’ in vier AM CVn te blgma De fluxverhoudingen
werden vergeleken met enkele-schijf-LTE modellen met egfoume dichtheid en temper-
atuur en we vonden een goede overeenkomst tussen de datanssddien in drie van de
vier systemen. In hoofdstuk 6 breiden we de analyse van SD&&Jerder uit door ook de
nabij infrarood lijnen He 10830 A te gebruiken en laten zien dat voor het modellererdean
infrarood lijnen een uitgebreider model nodig is dan eeretnkchijf-LTE modellen met een
uniforme dichtheid en temperatuur.

We meten de scheiding van de dubbel-gepiekte helium enpssfeel voor de systemen
waarin we dit profiel waarnemen. Omdat de piek scheidingmdinator is van rotatie snelheid
van de (Kepler) schijf, kunnen we hiermee limieten stellan de massa van de accretor en
de inclinatiehoek. Een onderlimiet aan de massa van detaceré406 Hya, SDSS J1240
en SDSS J1642 i3/, vaosya > 0.183 Mg, M spssizao > 0.030 Mg en M spssieaz >
0.025 M. Het limiet van de laatste twee systemen is niet heel ergt stmdat de piek-tot-
piek afstand niet heel groot was. Voor de inclinatiehoekd@aystemen vinden we,oe rya >
28°, ispss 1240 > 15° €Nigpssjieaz > 14° voor de systemen V406 Hya, SDSS J1240 and
SDSS J1642.

Ook geven we een overzicht van de waargenomen elementem igreet aantal van de
AM CVn systemen. Een opmerkelijk resultaat is dat bijna ajigeamen stikstoflijnen verto-
nen, maar geen van de systemen vertoond koolstof en alleB® iGom zijn zuurstoflijnen
te zien. Zoals eerder genoemd, neemt de hoeveelheid $ti@stdoor de CNO fusie cyclus.



184 Nederlandse Samenvatting

Als tijdens de volgende evolutionaire stap helium ontbtandrdt er koolstof geproduceerd
door het ‘triple-alfa’ proces. Stikstof vangt deze alfdfes en wordt daarbij omgezet tot zu-
urstof, waardoor de hoeveelheid stikstof dus afneemt.uitigeolgt dat een pure helium witte
dwerg waar geen heliumverbranding heeft plaatsgevondegmete hoeveelheid stikstof be-
vat, terwijl een semi-gedegenereerde witte dwerg juist keelstof en zuurstof bevat. Ook
al kunnen we het donortype van de bestudeerde systemerepigiel zonder nauwkeurig de
samenstelling van de donor te meten, de afwezigheid varstada@n zuurstof geeft wel aan
dat geen van de systemen een er geévolueerde helium stenalsieeft.



DEUTSCHEZUSAMMENFASSUNG

Diese Arbeit zeigt eine detaillierte Studie verschiedewmenpakter und ultrakompakter Dop-
pelsternsysteme. Das Ziel ist es die Evolutionsgeschdibser Doppelsternsysteme besser zu
verstehen um ein klareres Bild von der Sternenspatentwigkhu gewinnen. Die genannten
Systeme bestehen aus zwei alten Sternen, die sich umkr@sedabei erreichte Umlaufpe-
riode reicht von wenigen Minuten bis hin zu maximal wenigegdn.

Benedetto Castelli gelang es als erste Person im Jahr 1617oppel3ternsystem mit
einem Teleskop zu beobachten und dieses in seine beidendf@mien aufzuldsen. Heute
wissen wir, dass die Mehrheit der Sterne nicht als Einzeistgeboren werden, sondern in
Doppel- oder gar Mehrfachsystemen auftreten. Die wictgig®arameter, die die Evolution
der beiden Komponenten in einem Doppelsternsystem bebkehresind deren Massen sowie
die Umlaufperiode. Je weiter die beiden Sterne voneinaewléernt sind, desto langer ist ihre
Umlaufperiode. Bei den meisten Doppelsternsystemen isedie lang, dass die Entwicklun-
gen der beiden stellaren Komponenten unabhéngig vonenadaufen, d.h. beide Sterne
werden niemals in Kontakt treten.

Ist die Orbitalperiode allerdings kurz genug 80 Jahre), kbnnen beide Komponenten im
Laufe ihrer Entwicklung vom Hauptreihenstern zum weif3eregnin Kontakt treten und es
kann zu einem Massenaustausch kommen. Dieser Massestraegingert den Drehimpuls,
was zur Folge hat, dass sich beide Komponenten ndher kommaesomit die Umlaufperiode
kleiner wird. Am Ende dieser Entwicklung kénnen die Umlaripden dieser Systeme nur
noch wenige Minuten bis maximal wenige Tage betragen. DsteBye bestehen jetzt aus zwei
weilden Zwergen oder einem weilRen Zwerg und einem HeliumsteeiRe Zwerge stellen fir
fast alle Sterne das Endstadium der Sternentwicklung darer3eugen keine Energie mehr,
sind in etwa so grol3 wie die Erde und haben ca. die Masse at@erhSonne. Auch unsere
Sonne wird, sobald ihr Energievorrat verbraucht ist, algdeeZwerg enden. Heliumsterne
bilden eine Vorstufe zum weil3en Zwerg. Sie erzeugen Enandgi®rm von Kernfusion, bei
der sie in ihrem Inneren Helium zu Kohlenstoff fusionier&wobald das Heliumreservoir ver-
braucht ist, entwickeln sie sich direkt zu einem weil3en Hwer

In der folgenden Entwicklung des engen Doppelsternsysiarigert das System durch
Abstrahlung von Gravitationswellen weiter an Energie. ratl schrumpft der Abstand des
Systems weiter und die Umlaufperiode wird noch kirzer. @atonswellen wurden von
Albert Einstein in der allgemeinen Relativitatstheorietpbert, sind aber bis heute nicht di-
rekt beobachtet worden. In vielen Fallen hat die Abstratpiuon Gravitationswellen keinen
messbaren Effekt. Wenn die Umlaufperiode des Doppelststems allerdings kurz genug
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ist (S wenige Stunden), dann kann die Abstrahlung von Gravitati@iien dazu fuhren, dass
sich beide Komponenten auch messbar immer ndher kommeraudikonnen sich drei ver-
schiedene Varianten ergeben. Entweder berlhren sich Kemdponenten und verschmelzen
zu einem Einzelstern oder sie verschmelzen und explodigiesog. Supernova la. Als
dritte Alternative kann das Verschmelzen vermieden werdahdas System kann nach der
Berlihrung ein stabiles masseakretierendes System, eimauges AM Canum Venatico-
rum (AM CVn) Doppelsternsystem, bilden. Offene Fragestejen bis heute sind: Welcher
Entwicklungsweg wird von verschiedenen Doppelsternsystebevorzugt? Welche Systeme
vermeiden das Verschmelzen und welche Systeme formetestaldiCVn Doppelsterne und
wie sehen diese Systeme im Detail aus?

Die Population von heil3en unterleuchtkraftigen Sternen

HeilRe unterleuchtkraftige Sterne oder hot subdwarfs @setn Kapitel kurz sdBs genannt)
sind Heliumsterne, die im Kern Helium zu Kohlenstoff fusenen und ca0.5 Sonnenmassen
haben. Sie besitzen nur noch eine diinne Wasserstoffhiligemntieliumkern. Im Regelfall
besitzen helium-fusionierende Sterne eine dicke Wass#rglie. Am unteren Rand dieser
Wasserstoffhille befindet sich eine Schicht in der Wassi#mi Helium fusioniert wird (so-
genannte Horizontalaststerne). Die Struktur der sdBs setterdet sich hierbei signifikant von
den Horizontalaststernen, da deren Wasserstoffhiille an i um eine Wasserstofffusion zu
ermdglichen. Sobald im Kern das Helium zu Kohlenstoff fagaet ist, entwickeln sich sdBs
direkt zu weil3en Zwergen.

Die wichtigste offene Frage im Zusammenhang mit sdBs bethfe Entstehung. Die
Frage stellt sich wie sdBs ihre dicke Wasserstoffhiille gegl. Der Massentransfer zwischen
einem sdBs und seinem Begleiterstern kdnnte dabei eine gecRidlle spielen. Dies zeigten
bereits frihere Studien, in welchen gezeigt wurde, dasscsic die Hélfte aller sdBs in kom-
pakten Doppelsternsystemen mit Umlaufperioden von werilge- 10 Tagen befinden. Dies
kann bereits ein Hinweis darauf sein, dass der sdB wahreres dassentransfers seine dicke
Wasserstoffhtlle verliert.

In Kapitel 2 werden die Parameter von zwolf sdB Doppelstgstesnen, die von uns
entdeckt wurden, beschrieben. Dies fuhrt mit den 130 vogedésteten Systemen zu einer
Gesamtzahl von 142 bekannten kompakten sdB Doppelstéensgs deren Umlaufperioden
weniger als 30 Tage betragen. Im Zuge dieser Arbeit wurde exsten Mal eine detaillierte
Populationsanalyse der bekannten kompakten sdB Doppelgtteme durchgefihrt.

Als Begleitertypen konnten zum einen kiihle Hauptreihensterit Massen von cd.1 Son-
nemassen und zum anderen weil3e Zwerge mit Massen voni&onnenmassen identifiziert
werden. Die gefundene Masse fir die weil3en Zwerge liegtlideuinter der durchschnit-
tlichen Masse, die ein allein auftretender weil3er Zwerg (c@Sonnenmassen) besitzt. Dies
deutet darauf hin, dass weil3e Zwerge einen betrachtlicednhfer Masse wahrend ihrer
Entwicklung in einem Doppelsternsystem verlieren.

Mithilfe der bestimmten Begleitertypen, Begleitermassed Umlaufperioden haben wir
Ruckschlisse daraus gezogen was passiert, wenn der sdBinBegkeiter in Kontakt treten.
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Aufgrund der relativ niedrigen Masse der weil3en Zwerg-Beglevird die Mehrheit der Sys-
teme dabei verschmelzen und einen neuen Einzelstern fommem sogenannten RCrB Stern.
Lediglich zwei der 142 bekannten Doppelsternsysteme wengghrscheinlich als Supernova
la explodieren. Zwei weitere Systeme haben UmlaufperiashehnBegleitermassen, sodass sie
wahrscheinlich ein stabiles ultrakompaktes AM CVn Dopelstystem bilden.

Die Eigenschaften von ultrakompakten AM CVn Doppelstern-
systemen

Ein spezieller Objekttyp, der in dieser Arbeit diskutieitdy sind die AM CVn Doppelsterne,
benannt nach dem Prototyp AM Canum Venaticorum (AM CVn). Detdyp wurde als vari-
abler Stern in der Konstellation Canum Venatici (Jagdhuedi)rgden. In den ersten Beobach-
tungen von AM CVn fiel auf, dass das System nur Helium und keWwasserstoff aufweist.
Dies deutete bereits auf ein weitentwickeltes System his z#veite Auffalligkeit wurde eine
Helligkeitsvariation mit einer Periode von ca. 18 min entdewelche sich spater als Umlauf-
periode herausstellte.

Heute wissen wir, dass AM CVn Systeme ultrakompakte Dopgelstmit Umlaufperio-
den zwischen 5.4 und 65 Minuten sind. Sie bestehen aus eie#dewZwerg mit einer Masse
von ca.0.5-1.0 Sonnenmassen. Der Begleiter ist entweder auch ein weiRegbader ein He-
liumstern. Beide Sterne sind sich so nah, dass Material voneBegauf den weil3en Zwerg
Uberflie3t. Das Material trifft dabei in fast allen Systenmécht direkt auf die Oberflache des
weilden Zwerges sondern sammelt sich in einer Scheibe urard{eme sogenannte Akkre-
tionsscheibe) und fallt dann langsam auf jenigen herab.Abéreffpunkt des Materiestroms
in der Akkretionsscheibe erzeugt einen heil3en Punkt am Ragrdheller leuchtet als der
Rest der Akkretionsscheibe. Diesen Punkt nennt man "brigbif.sSAnstatt zu verschmelzen
haben es diese Systeme geschafft, ein stabiles akkretesddoppelsternsystem zu bilden.
Im Laufe ihrer Entwicklung entfernen sich beide Komponanigeder langsam voneinander
bis sie nach mehreren Milliarden Jahren am Ende ihrer Ektung eine Umlaufperiode von
ca. einer Stunde haben.

Bis heute ist noch nicht bekannt welcher Begleitertyp, ob eefdverg oder Heliumstern,
wie stark zur Population von AM CVn Doppelsternsystemenrégit Jedoch zeigen beide
Begleitertypen unterschiedliche Elementhaufigkeiten. Sode in einem weil3en Zwerg-
Begleiter lediglich Wasserstoff zu Helium fusioniert. Beesiem Prozess dient unter anderem
Stickstoff als Katalysator und wird im Zuge der Kernfusiamgareichert. Ist der Begleiter
jedoch ein Heliumstern wird das Helium zu Kohlenstoff, bzser Stickstoff zu Sauerstoff
fusioniert. Daher erwartet man eine Anreicherung von Kio$tleff und Sauerstoff sowie ein
Abbau von Stickstoff in den Systemen mit Heliumstern-Beglezu finden.

Besonders interessant sind diese Systeme im Hinblick aiGhavitationswellenstrahlung.
Aufgrund ihre Kompaktheit und kurzen Umlaufperioden bildge die starksten und zahlen-
mafig haufigsten Quellen fur kurzwellige Gravitationsesmditrahlung in unserer Galaxis.

Zur Jahrtausendwende waren weniger als zehn AM CVn Systekanbe Aufgrund
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neuer Beobachtungstechniken konnte die Zahl der bekanntsterSe Uber die letzten 15
Jahre zu 43 Systemen vervierfacht werden. Im Zuge dieseerM@eickungen wurden bes-
timmte Eigenschaften der AM CVn Population sichtbar. Zielsdir Arbeit ist es Charakteris-
tiken individueller Systeme zu bestimmen um ein homogenksd&r bekannten Population
von AM CVn Doppelsternsystemen zu erhalten. Dies hilft unsedevolutionsgeschichte
zu bestimmen und sie in den vielfaltigen Zoo von (ultra-)kakten Doppelsternsystemen
einzuordnen.

In Kapitel 3 wird eine detaillierte Analyse von vier erst klich entdeckten AM CVn Sys-
temen beschrieben. Hierbei haben wir entdeckt, dass dibekannten Systeme, die Umlauf-
perioden zwischef0 und 60 Minuten haben, Signaturen von Magnesium im akkretierenden
weilden Zwerg zeigen. Kein anderes bekanntes System zegg &ignaturen. Verschiedene
Szenarien welche das Magnesium in diesen Systemen erktérerien, werden in diesem
Kapitel diskutiert.

Zum ersten Mal wurden Mithilfe von Dopplertomographie wiiedene Regionen der vier
AM CVn Systeme getrennt und die Temperatur der Akkretionsibam bestimmt. Die Akkre-
tionsscheibe wurde hierbei als dinne Scheibe mit eintlegti Temperatur und Dichte mod-
elliert. Dies stellt eindeutig eine Approximation an di¢stechlichen Bedingungen in einer
Akkretionsscheibe dar. Uberraschenderweise fandenatirdem eine gute Ubereinstimmung
zwischen Beobachtung und Modell in drei der vier beobacht8ysteme und haben dabei eine
ahnliche Temperatur von ca:10 500 Kelvin fur die Akkretionsscheiben gemessen.

Kapitel 4 beschreibt die Analyse eines besonders intememsailtrakompakten AM CVn
Doppelsternsystems mit dem Katalognamen SDSS J1908. £#gstem wurde ca. drei Jahre
am Stick vom Kepler Satellit beobachtet. Der Kepler Sateikst die Helligkeit von Sternen
mit hoher Prézission in einem kleinen, immer gleichen Béreiles Himmels und wurde in
erster Linie zur Detektion von Exoplaneten gebaut. Zigdlegt SDSS J1908 im Gesichts-
feld des Satelliten, sodass wir einen einzigartigen Datzngn Helligkeitsmessungen eines
AM CVn Systems zur Auswertung zur Verfigung hatten.

Neben der Umlaufperiode (18.085 Minuten) konnten wir einéh&eerschiedener Ele-
mente im System identifizieren. Unter anderem wurde Stidksintdeckt, jedoch gibt es
keinen Hinweis auf Kohlenstoff, was darauf hindeutet, dades Begleiter in diesem Sys-
tem ein weiler Zwerg ist. In einer genauen Analyse der Dagsnkepler Satelliten kon-
nten wir neben der Umlaufperiode 41 weitere Perioden ek@tecdie hochstwahrschein-
lich von Helligkeitsvariationen in der Akkretionsscheikemmen. Die Umlaufperiode war
Uber den beobachteten Zeitraum weitestgehend stabilcldéadmnten wir Mithilfe der Daten
ein Limit an der zu erwarteten Gravitationswellenstragllb@stimmen. Einige andere Peri-
oden zeigen eine deutliche Frequenzvariation, sprich dreoée war tUber den dreijahrigen
Beobachtungszeitraum nicht stabil. Verschiedene Erkgsundglichkeiten fur die Variation
werden innerhalb des Kapitels diskutiert.

Zwei bekannte AM CVn Systeme, GP Com und V396 Hya, wurden mit ¥ery Large
Teleskop (VLT) in Chile beobachtet, womit uns hochwertigeddazur Auswertung zur Ver-
fligung standen. Die Resultate werden in Kapitel 5 prasénbé Daten erlauben zum einen
eine genaue Vermessung der Bewegungen in beiden Systenmemnzieren konnte zum er-
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sten Mal der nahe Infrarotbereich in einem AM CVn Doppelstgstem analysiert werden.
Stickstoff und Neon konnte in beiden Systemen identifiaigtden. Die Uberdurchschnit-
tliche Haufigkeit von Stickstoff deutet auch in diesen Systa auf einen weil3en Zwerg als
Begleiter hin. Jedoch entsteht Neon nur als Nebenproduktemdhder Fusion von Helium,

was wiederum auf einen Heliumstern als Begleiter hindeut®et.Moment haben wir noch

keine zufriedenstellende Erklarungsmoglichkeit fur diBgobachtung.

Die hohe Qualitat der Daten erlaubt uns die Geschwindiglestakkretierenden weil3en
Zwerges sowie des 'hot-spots’ zu messen. Dadurch sind wdemLage Rickschlisse auf
die Massen des akkretierenden weil3en Zwerges sowie destBegirl ziehen. Des Weiteren
war es uns maglich eine langsame Rotationsgeschwindigkerkkretierenden weil3en Zwer-
ges in beiden Systemen zu bestimmen. Im Vergleich zu iherEbtstehung des Systems,
schnellen Rotationsgeschwindigkeit kann darauf gesobifog®erden, dass sie wahrend ihrer
Entwicklung héchstwahrscheinlch deutlich an Geschwikeligverloren haben. Dieser Effekt
hat eine stabilisierende Wirkung auf das System, die vorZdadauer abhangig ist, die der
weil3e Zwerg benoitigt, um Rotationsgeschwindigkeit zuigezh. Zusétzlich wirkt sich dies
positiv auf die Bildung von ultrakompakten AM CVn Systemen,aich je schneller der
akkretierende weil3e Zwerg an Rotationsgeschwindigkelieverdesto weniger Systeme ver-
schmelzen sondern bilden stattdessen AM CVn Doppelstaamags Die Rotationsgeschwin-
digkeit konnte zum ersten Mal innerhalb der Geschichteadi8gsteme im Zuge dieser Arbeit
gemessen werden.

Sieben weitere bekannte AM CVn Doppelsternsysteme wurdedem VLT beobachtet.
Die Systeme Uberdecken fast den kompletten Bereich von Updeaden der bekannten Po-
pulation von ultrakompakten Doppelsternsystemen. Die Resuder Analyse dieser homo-
genen Stichprobe sind in Kapitel 6 beschrieben.

Verschiedene Elemente wurden in den Systemen identifizidigrbei fallt SDSS J0804
besonders auf. Die Daten deuten auf ein Magnetfeld inneded Systems hin. Dies ware das
erste bekannte AM CVn Doppelsternsystem mit einem Magrktfieldrei der sieben Systeme
haben wir Untergrenzen fiir die Masse des akkretierendeBenediwerges bestimmt.

Zuséatzlich prasentieren wir eine Ubersichtstabelle mit detektierten Elementen in ver-
schiedenen bekannten AM CVn Doppelsternsystemen. Besoauaéatiend ist, dass fast alle
Systeme Stickstoff zeigen, jedoch kein einziges Systemdfsioff und lediglich ein einziges
System Sauerstoff zeigt. Da dieses Ergebnis rein qualiistti konnen wir keine konkrete
Aussage Uber den Begleitertyp treffen. Sicher kdnnen wiesagass keines der disku-
tierten Systeme einen weitentwickelten Heliumstern bedé diese sonst deutliche Anzeichen
fur Kohlenstoff und Sauerstoff zeigen missten. Dieses lingehilft uns die Entstehungs-
geschichte dieser exotischen Systeme besser zu verstehen.
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Paul Groot. During the sabbatical of my supervisor | had ttnlpge to spent about
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