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ABSTRACT

Context. Hyper-velocity stars are suggested to originate from the dynamical interaction of binary stars with the supermassive black
hole in the Galactic centre (GC), which accelerates one component of the binary to beyond the Galactic escape velocity.
Aims. The evolutionary status and GC origin of the hyper-velocitystar SDSS J113312.12+010824.9 (aka HVS 7) is constrained from
a detailed study of its stellar parameters and chemical composition.
Methods. High-resolution spectra of HVS 7 obtained with UVES on the ESO VLT were analysed using state-of-the-art NLTE/LTE
modelling techniques that can account for a chemically-peculiar composition via opacity sampling.
Results. Instead of the expected slight enrichments ofα-elements and near-solar iron, huge chemical peculiarities of all elements are
apparent. The helium abundance is very low (<1/100 solar), C, N and O are below the detection limit, i.e they are underabundant (.1/3
to<1/100 solar). Heavier elements, however, are overabundant: the iron group by a factor of∼10, P, Co and Cl by factors∼40, 80 and
440 and rare-earth elements and mercury even by∼10 000. An additional finding, relevant also for other chemically peculiar stars are
the large NLTE effects on abundances of Ti and Fe (∼0.6–0.7 dex). The derived abundance pattern of HVS 7 is characteristic for
the class of chemical peculiar magnetic B stars on the main sequence, which is corroborated by the high projected rotation velocity,
v sini= 55±2 km s−1. Both facts render a low mass nature of HVS 7 as a blue horizontal branch star unlikely.
Conclusions. Such a surface abundance pattern is caused by atomic diffusion in a possibly magnetically stabilised, non-convective at-
mosphere. Hence all chemical information on the star’s place of birth and its evolution has been washed out. High precision astrometry
is the only means to validate a GC origin for HVS 7.
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1. Introduction

Hills (1988) predicted that the tidal disruption of a binaryby
a supermassive black hole (SMBH) could lead to the ejection of
stars with velocities exceeding the escape velocity of our Galaxy.
The Galactic centre (GC) is the suspected place of origin of these
so-called hyper-velocity stars (HVSs), as it hosts a SMBH. The
first HVSs have only recently been discovered serendipitously
(Brown et al. 2005; Hirsch et al. 2005; Edelmann et al. 2005).A
systematic search for such objects has resulted in the discovery
of 8 additional HVSs (see Brown et al. 2007; Heber et al. 2008a).

A determination of the space motion of a HVS can be used to
trace back the trajectory unambiguously to the place of ejection.
This has been done only for one HVS (HD 271791, originating
from the Galactic rim, Heber et al. 2008a), as sufficiently accu-
rate proper motions are lacking for all other HVSs at present.

Alternatively, the chemical composition of a star may be
used to constrain its place of origin. Stars in the GC have a
unique chemical composition, as they show enhancement of the
α-elements and roughly solar iron (e.g. Cunha et al. 2007). So
far, only one object could be studied in this way (HE 0437−5439,
which probably originates in the Large Magellanic Cloud, Przy-
billa et al. 2008). This method is currently limited by the need to
obtain high-resolution spectra of faint objects.

Send offprint requests to: przybilla@sternwarte.uni-erlangen.de
⋆ Based on observations collected at the European Southern Obser-
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At present, no HVS can unambiguously be related to a
GC origin. Instead, alternative methods of acceleration such as
dynamical ejection from dense cluster cores (Leonard 1991)
or disruption of a binary by an intermediate-mass black hole
(Gualandris & Portegies Zwart 2007) challenge the SMBH
paradigm.

SDSS J113312.12+010824.9(aka HVS 7, Brown et al. 2006)
is the 4th-brightest HVS candidate known (V = 17.80). Its spec-
tral morphology of late B-type is consistent with either an
intermediate-mass star close to the main sequence or a low-mass
star on the blue horizontal branch (Brown et al. 2006; Heber et
al. 2008b). We obtained high-resolution spectra of HVS 7 with
UVES on the VLT and perform a quantitative spectral analysis
using state-of-the-art modelling techniques in the present work
to constrain its nature and its place of origin.

2. Observations and quantitative analysis

Seventeen spectra of HVS 7 with a total integration time of
∼6.8 h were obtained between April 15 and May 10, 2007, cov-
ering the range of 3750 to 4950 Å and 5700 to 9000 Å at a resolv-
ing power ofR≈ 35 000. The data reduction followed procedures
described by Koester et al. (2001). A spectrum of the DC white
dwarf WD 1055−072 was also taken so that the continuum could
be normalised reliably. No radial velocity variations werefound
within the detection limits. A peak S/N of ≈80 per resolution
element was measured for the coadded spectrum in the blue.
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Fig. 1. Comparison of spectrum synthesis for HVS 7 (full line, for abundances as in Table 1) with observations (grey), exemplaryfor some strategic
regions. Abscissa is wavelength (in Å), ordinate is relative flux. Panels (a) to (d) illustrate theTeff and logg determination from Balmer lines (Hγ
in (a)) and the Si ionisation equilibrium: Si (b), Si (c) and Si (d). Note the strong Si lines in panel (b) indicative of a Si overabundance. Panel
(e) illustrates the weakness (deficiency) of He and Mg, (f) the absence (deficiency) of C, (g) the presence (strong enrichment) of Cl and (h)
a blend of Sr and Si. Iron group elements are highlighted in (c) and rare-earth elements in (d). Other prominent spectral lines are identified.

An inspection of the spectrum indicated at first glance that
HVS 7 is a chemically-peculiar (CP) late B-type (Bp) star with
moderate (projected) rotational velocityv sini. The helium lines
are extremely weak, very strong silicon features dominate the
metal line spectrum. A closer inspection identified most of the
α-process elements and most of the iron group elements in the
spectrum, and many heavier species up to rare earth elements
and mercury. The presence of chlorine and strong phosphorus
and cobalt lines in the spectrum of HVS 7 is unusual even for CP
stars. Moreover, lines of carbon, nitrogen and oxygen are absent
within the present detection limits. Many observed spectral lines
remain unidentified, in the red spectral region, in particular.

The quantitative analysis of HVS 7 was carried out based on
standard assumptions made in the field of CP stars (in particular
assuming a chemically homogeneous atmosphere). In addition,
we went beyond the standard by accounting for NLTE effects
for many important elements. We followed the methodology dis-
cussed by Przybilla et al. (2006) and Nieva & Przybilla (2007),
with some modifications and extensions in order to account for
the chemical peculiarity of the stellar atmosphere.

In brief, NLTE line-formation calculations were performed
on the basis of line-blanketed LTE model atmospheres (A12,
Kurucz 1996) using updated versions of D and S
(Giddings 1981; Butler & Giddings 1985). The coupled statis-
tical equilibrium and radiative transfer problem was solved with
D and S provided the formal solution based on the re-
sulting NLTE occupation numbers. Line-blocking within D
was realised here using an opacity sampling technique according
to Kurucz (1996). State-of-the-art model atoms were employed
as indicated in Table 1, and in addition the hydrogen model atom
of Przybilla & Butler (2004).

LTE line-formation was performed with S. The list
of elements for the spectrum synthesis was extended to the

‘peculiar’ species for the present work. The main sources of
atomic data (energy levels, wavelengths, transition probabilities)
were the NIST1 and the D.R.E.A.M.2 databases, supplemented
by data from Kurucz & Bell (1995). Isotopic and hyperfine-
structure for Eu and Hg lines were treated according to
Lawler et al. (2001) and Castelli & Hubrig (2004), respectively.
Line broadening was treated according to Cowley (1971).

The effective temperatureTeff and the surface gravity logg
were determined from the Stark-broadened Balmer lines (Hβ
to H11) and the ionisation equilibrium of Si/ (the strongly
blended Si λ3905 Å line [in LTE] is also consistent). The mi-
croturbulence velocityξ was derived in the standard way by de-
manding that the line equivalent widths within Fe be indepen-
dent of abundance. The uncertainties in the stellar parameters
(Teff, logg) were constrained by the quality of the match of the
spectral indicators within the given S/N limitations. Heber et al.
(2008b) determinedTeff = 12 600±500K, logg=3.71±0.2 from
an LTE analysis of the Balmer series in spectra of lower resolu-
tion in excellent agreement with the present results.

Elemental abundances were determined from fits to profiles
of isolated lines (or features with resolved blends). Spectrum
synthesis was mandatory because at the givenv sini the iden-
tification of line blends has to be considered carefully for asuc-
cessful analysis. Upper limits to the C, N and O abundances were
determined from C λ4267Å, N λ3995 Å and O λλ7771–
5 Å, the strongest predicted features for these elements. The only
available Hg line (Hg λ3984 Å) is blended, therefore the Hg
abundance is regarded as uncertain.

The chemical peculiarity of the stellar atmosphere required
an iterative approach to the analysis. Starting with a modelwith

1 http://physics.nist.gov/PhysRefData/ASD/index.html
2 http://w3.umh.ac.be/∼astro/dream.shtml
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Table 1. Stellar parameters & elemental abundances of HVS 7

Teff (K) 12 000±500 M/M⊙ 3.7±0.2
logg (cgs) 3.8±0.1 R/R⊙ 4.0±0.1
ξ (km/s) 3±1 L/L⊙ 300±50
v sini (km/s) 55±2 τevol (Myr) 150±10

Ion εNLTE εLTE # Ion εLTE #
He1 8.90±0.11 9.24±0.17 3 Ca 6.60 1
C 2 ≤6.50 ≤6.47 . . . Sc 4.00 1
N 3 ≤7.50 ≤7.60 . . . Cr 6.39±0.12 12
O 4 ≤7.70 ≤8.20 . . . Mn ≤6.50 . . .
Mg 5 6.00 5.80 1 Co 6.82±0.21 5
Si 6 8.69±0.13 8.61±0.15 12 Sr 5.00 1
Si 6 8.65 8.80 1 Y 5.02±0.18 5
S7 7.35±0.12 7.44±0.14 2 Eu 5.05±0.16 3
Ti 8 6.19±0.12 5.64±0.12 8 Gd 5.93±0.13 3
Fe8 8.44±0.13 7.78±0.16 27 Dy 6.03±0.23 6
P . . . 7.13±0.21 2 Dy 4.83±0.18 3
Cl  . . . 7.92±0.21 5 Hg 4.90: 1
ε(X) = log (X/H) + 12. Statistical 1σ-uncertainties determined from
line-to-line scatter (# lines) are given; realistic uncertainties, including
systematic effects e.g. if a magnetic field were present, are expected to
be larger. NLTE model atoms:1Przybilla (2005);2Nieva & Przybilla
(2006, 2008);3Przybilla & Butler (2004);4Przybilla et al. (2000);
5Przybilla et al. (2001);6Becker & Butler (1990), extended & updated;
7Vrancken et al. (1996), updated ;8Becker (1998).

scaled solar abundances a full analysis was performed. The re-
sulting abundances were used to compute an improved model
with A12, which indicated corrections to stellar parameters
and abundances in a second step. Several such iterations were re-
quired to obtain consistency and a tailored atmospheric model.

The results of the analysis are summarised in Table 1, the fi-
nal synthetic spectrum is compared to observation for some ex-
emplary regions in Fig. 1. Overall, good to excellent agreement
between the model and observation is achieved. Note that many
spectral lines are strongly blended and were omitted from the
abundance analysis though a good match is obtained in the final
comparison, with a few exceptions. In addition, several observed
lines are unaccounted for by the spectrum synthesis. No positive
identification of these lines could be found, a common problem
in the field of CP stars, because the atomic data are unavailable.
These transitions supposedly arise from highly-excited levels of
iron group species, which are unobserved at normal abundance
values, or are lines of heavier elements.

Many chemical peculiarities relative to the solar standardare
found, as shown in Fig. 2. In general, we find an increase in
abundance with atomic weight. The He abundance is extremely
low (<1/100 solar), C, N and O are absent within the detec-
tion limits (<1/100, .1/3, <1/10 solar, respectively) and Mg
is markedly underabundant (∼1/30 solar). Silicon is the most
abundant metal (>10×solar) and Cl, Co and P are pronouncedly
overabundant (∼440, 80 and 40×solar). All heavier elements are
largely overabundant:∼10×solar values for iron group elements
and∼10 000×solar values for rare-earth elements and mercury.

NLTE effects. There are very few NLTE analyses of CP stars
available in the literature, which mostly deal withλBoo stars
(Paunzen et al. 1999; Kamp et al. 2001). We therefore want to
briefly discuss some results that may be of relevance to other
studies of Bp objects and possibly for other CP star groups.

NLTE and LTE abundances from the weak He features
(only triplet lines are observed) show differences up to∼0.5 dex
(He λ5875 Å), as a significant NLTE overpopulation in the

Fig. 2. Abundance pattern of HVS 7 (relative to the solar composition,
Grevesse & Sauval 1998) in comparison to magnetic CP stars. Symbols
are identified in the legend. The error bars represent statistical 1σ-
uncertainties from the line-to-line scatter only (Table 1). Realistic er-
ror bars, accounting for systematic effects (e.g. if a magnetic field were
present), are expected to be larger. Upper limits are indicated by arrows.
The grey bars mark abundance ranges observed in a sample of magnetic
CP stars (López-Garcı́a et al. 2001).

triplet states can build up deep in the atmosphere because ra-
diative de-excitation to the ground state is forbidden. Thesame
mechanism is in operation for O λλ7771–5Å. Similar cases
may be P and Cl (where we lack model atoms for NLTE cal-
culations). Lines from spin systems which are not connectedra-
diatively to the ground state are observed for both ions, while
lines from the spin systems that include the ground state remain
below the detection limit, although both should be visible when
assuming LTE. NLTE effects for C λ4267 Å, N λ3995 Å (for
upper limit abundances), Mg and S remain small, as the lines
are formed in the deep atmosphere where level populations are
close to detailed equilibrium. The strongest metal features in the
spectrum, of Si, are often saturated and the NLTE effects re-
main small because the lines become optically thick.

Differences between the NLTE and LTE analyses are mostly
similar to those in main sequence stars of normal composition
(Hempel & Holweger 2003), except for Ti and Fe. For these,
surprisingly large NLTE effects are found here,∼0.6–0.7dex,
exceeding even the effects found in supergiants (Przybilla et al.
2006) at similarTeff . The main NLTE mechanisms in these cases
are an overionisation of the ground state and the energetically
low levels. Because of the large overabundances the lines form
at much smaller depths in the atmosphere than under normal
conditions (though avoiding saturation), so that the levelpop-
ulations deviate strongly from detailed equilibrium values. Such
a mechanism is also plausible for the first ions of the rare-earth
elements, which have ionisation energies of about 10-12 eV,i.e.
they are efficiently ionised by the intense radiation field long-
ward of the Ly jump. This may e.g. explain the virtual absenceof
expected Gd resonance lines in the optical, whereas lines from
excited Gd levels are observed. Accounting for NLTE effects
may also help to establish the Dy/ ionisation equilibrium.

For the moment, we can conclude that some CP stars with
elemental overabundances, such as the Bp star analysed here,
may be good candidates for the study of NLTE effects. Further
investigations will be required, as the present results cannot be
generalised to other CP star classes.
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Fig. 3. Position of HVS 7 in theTeff–logg diagram for the determina-
tion of its evolutionary mass and age (error box in grey). Evolutionary
tracks for solar metallicity are adopted from Schaller et al. (1992). Time
markers in the range 130–160 Myr are shown for each track.

3. Discussion

Based on the position of HVS 7 in aTeff–logg-diagram alone
one cannot decide whether the star is an intermediate-mass star
of 3–4M⊙ close to the main sequence or a low-mass star of
∼0.5-0.7M⊙ on the horizontal branch. Heber et al. (2008b) show
the problem in their Fig. 2. An important constraint is also the
rotational velocity, which is in general low (<8 km s−1) for hot
horizontal branch stars (Teff&11 000 K, Behr 2003). The high
v sini of 55 km s−1 not necessarily rules out an HB star, as the
star might have been spun up by tidal locking to the orbital mo-
tion before the binary was disrupted (see Hansen 2007) to re-
lease the HVS. Chemical peculiarities can occur both on the
main sequence (e.g. Smith 1996) and on the horizontal branch
(e.g. Moehler 2001; Behr 2003), though the metal line density in
the latter case is much lower than observed for HVS 7. Hence,
HVS 7 is very likely a main-sequence star.

A comparison with evolutionary tracks near the main se-
quence allows the mass of HVS 7 to be constrained (Fig. 3), and
other fundamental stellar parameters such as radiusR and lumi-
nosityL, and its evolutionary lifetimeτevol to be determined, see
Table 1. The spectroscopic distance is then 59±6 kpc, in excel-
lent agreement with the distance estimate of Brown et al. (2006).
Note that the chemical peculiarities affect only the outer layers
of the star. Moreover, they have developed with time, so that
evolution tracks for standard composition are appropriate.

An identification of HVS 7 as a CP star comes not entirely
unexpected in view of the commonness of late B-type stars with
abundance peculiarities. In the following we want to classify
HVS 7 within the zoo of CP stars. The dominance of the Si
lines defines HVS 7 as a hot Bp star (e.g. Smith 1996), indicat-
ing a connection to magnetic stars. Indeed, the observed chemi-
cal peculiarities for the elements heavier than chlorine resemble
in most cases those usually found for magnetic CP stars (e.g.
the sample discussed by López-Garcı́a et al. 2001), see Fig. 2.
However, the lighter elements deviate in many respect from this
behaviour. We therefore include also HR 1094 in the compari-
son, a rare member of the Cl-Co-rich stars (Nielsen & Wahlgren
2000) with similar stellar parameters as HVS 7. Noteworthy is
also the He-weakness. We conclude that HVS 7 is an exceptional
member of the Bp stars, showing characteristics of several other
subclasses of CP stars. The abundance peculiarities may be un-
derstood in the standard framework for the theoretical explana-
tion of CP stars: via atomic diffusion processes, i.e. the interplay
of gravitational settling and radiative levitation, in magnetically
stabilised, non-convective atmospheres (e.g. Michaud 1970).

The aim of our spectral analysis was to search for chemical
signatures that might constrain the place of birth of HVS 7 inthe
Galaxy, e.g. in the GC. However, diffusion processes have erased
any indication of its original composition. A verification of the
Hills mechanism for the acceleration of HVS 7 has to await a
measurement of the star’s proper motion.

Numerical kinematic experiments using the Galactic poten-
tial of Allen & Santillan (1991) predict a proper motion of
µα =−0.53 mas yr−1 and µδ =−0.51 mas yr−1 for HVS 7 in the
case of a GC origin. The resulting space velocity would then
be ∼830 km s−1. HVS 7 could reach its current position in the
Galactic halo easily withinτevol= 150±10Myr when accelerated
by the SMBH in the GC, i.e. the flight-time of 120 Myr is con-
sistent with a GC origin. However, the predicted proper motion
is so small that present-day instrumentation is not capableof
measuring it with sufficient precision. Final conclusions can be
drawn only after the GAIA mission.
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