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English Abstract

This project concentrates on developing search criteria to detect hypervelocity stars (HVS) in
an astrometric catalogue, in preparation for the upcoming Gaia mission. A selection procedure
has been developed using the geometrical assumption that HVS move radially away from the
Galactic Center. From the proper motion data set we can calculate the Galactocentric-rest
frame velocity and the predicted heliocentric radial velocity. The Hipparcos Catalogue (ESA,
1997) is used to test the efficiency of this technique.

Hypervelocity stars move at extreme speed (21000 km s~1) away from the Galactic Center.
They are created through dynamical encounters between close binaries and the supermassive
black hole (SMBH) in the Galactic Center. This was first predicted by Hills (1988) and later
models by Yu & Tremaine (2003), Gualandris et al. (2005), Levin (2006), and Sesana et al.
(2006) confirm this prediction. The first discovery of a HVS, SDSS J090745.04+-024507, by
Brown et al. (2005) and later six others by Hirsch et al. (2005), Brown et al. (2006a, 2006b),
and Edelmann et al. (2005) give credence to all these models. The search program for HVS is
motivated by their importance as probes to understand the dynamics within the Galactic Center
and by the constraint they provide on the shape and the orientation of the Galactic halo (Gnedin
et al. 2005). Brown et al. (2006a, 2006b, 2007) have conducted a successful targeted search
for HVS restricted to a specific spectral type, however a thorough search using astrometric data

has yet to be done.

The Gaia mission, due to be launched no later than 2012, will conduct a complete survey
of parallaxes and proper motions for ~ 10Y stars down to V = 20. This will present us with an
opportunity to search for HVS and study their motion. However, the HVS Catalogue has to be
extracted from an enormous data set. We need efficient search criteria to detect HVS within

such an astrometric catalogue, to reject as much non-HVS as possible.

Applying the developed criteria to Hipparcos yields 3645 HVS candidates, with three different

radial velocity catalogues employed to cross-check the predicted radial velocity with the observed
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ones. Assuming that these candidates are physically “normal” stars, these candidates are then
plotted in the “astrometric” H-R Diagram (Arenou & Luri, 1999) and compared with a set of
“good and well-behaved” Hipparcos stars. By calculating their proximity to those “good and
well-behaved” stars, a ranking of the most plausible down to the least plausible HVS candidates
is constructed for later follow-up by actual radial velocity measurements. We conclude that
there might only be 210 candidates that can be followed-up with direct observations.

The technique developed in this work is successful in rejecting 96.9% of the considered
sample but this percentage is still too low given the expected ratio of HVS to the other stars in
the Galaxy. However this technique relies on the distance indicator, but the poorly measured
parallaxes can be replaced with a well-calibrated photometric distance, while the technique
of comparing HVS candidates with the “good” stars can be refined if we can construct an
approximate H-R Diagram for the stellar content of the Galactic Center.

Key words: Astrometry — Catalogues — Galaxy: center — Galaxy: kinematics and dynamics

— Galaxy: solar neighbourhood — Stars: kinematics.
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Dit project concentreert zich op het ontwikkeling van zoekeriteria om hogesnelheidsterren (Hy-
pervelocity Stars of HVS) te ontdekken in een astrometrische catalogus, als een voorbereiding
voor de aankomende Gaia missie. Door een geometrische aanname te maken dat hogesnelheid-
sterren radieel van het Galactisch centrum bewegen, is een selectieprocedure ontwikkeld. Met
behulp van de eigenbeweging kunnen wij tevens de galactocentrische snelheid en de voorspelde
heliocentrische radiéle snelheid uitrekenen. De Hipparcos Catalogus (ESA, 1997) wordt gebruikt

om de bruikbaarheid van deze technieken te testen.

Hogesnelheidsterren bewegen met een zeer hoge snelheid (1000 km s_l) weg van het galac-
tische centrum. Zij worden gecreérd door dynamische ontmoetingen tussen dichte dubbelsterren
met het supermassief zwarte gat in het galactisch centrum. Dit werd als eerste door Hills (1988)
voorspeld. Volgende modellen door Yu & Tremaine (2003), Gualandris et al. (2005), Levin
(2006), en Sesana et al. (2006) bevestigen deze voorspelling. De eerste ontdekking van een
hogesnelheidster, SDSS J090745.04+-024507, door Brown et al. (2005), en de volgende zes door
Hirsch et al. (2005), Brown et al. (2006a, 2006b), en Edelmann et al. (2005) hechten geloof aan
al deze modellen. Het zoekprogramma voor hogesnelheidsterren wordt gemotiveerd dooradat
zij hun belangrijk zijn om de dynamica binnen het Galactische Centrum te begrijpen en door
de beperking die zij op de vorm en de orientatie van de Galactische halo leggen (Gnedin et al.
2005). Brown et al. (2006a, 2006b, 2007) hebben een succesvol onderzoekprogramma geleid voor
het anders van hogesnelheidsterren van een specifiek spectraaltype, maar een volledig zoektocht

naar astrometrische parameters moet nog komen.

Het Gaia missie, die niet later dan 2012 zal worden gelanceerd, zal leiden tot een kompleet
overzicht van parallaxen en eigenbewegingen voor ~ 107 sterren tot op V = 20. Dit geeft ons
de kans om naar hogesnelheidsterren te zoeken en hun beweging te bestuderen. Maar de cata-
logus van hogesnelheidsterren moet worden geéxtraheerd uit een enorme dataset. Wij hebben

bruikbare zoekscriteria nodig om hogesnelheidsterren binnen een astrometrische catalogus te
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ontdekken, en om zoveel mogelijk niet-hogesnelheidsterren te verwerpen.

Door toepassing van de ontwikkelde criteria op de Hipparcos Catalogus kandideren zich
3645 hogesnelheidsterren, hiervoor zijn drie verschillende radiélesnelheidscatalogi gebruikt om
de voorspelde radiéle snelheid met de waargenomen radiéle snelheden te vergelijken. Veronder-
steld dat deze kandidaten normale sterren zijn, zijn deze kandidaten geplot in de “astrometrisch”
diagram H-R (Arenou & Luri, 1999) en worden ze met een set van “normaal gedragende” sterren
vergeleken. Door de afstand te berekenen van de kandidaten tot “normaal gedragende” ster-
ren, wordt een rangschikking gemaakt van de meest aannemelijke naar de minste aannemelijke
hogesnelheidsterkandidaten. Deze zullen later worden opgevolgd door metingen van radiéle snel-
heden. Wij concluderen dat er misschien 210 kandidaten zonden kunnen zijn, die met directe
observaties kunnen worden opgevolgd.

Door de technieken die in dit project zijn ontwikkeld, kunnen 96.9% van het genomen sam-
ple verworpen worden, maar dit percentage is nog te klein voor het verwachte percentage van
hogesnelheidsterren in de Melkweg. Omdat deze technieken afthangen van de afstandsindicator,
kunnen de slecht gemeten parallaxen dan met een goed-gekalibreerde photometrische afstand
worden vervangen. Verder kan de techniek om hogesnelheidsterkandidaten met de “goede” ster-
ren te vergelijken worden verfijnd als wij een benaderend H-R Diagram voor de stellaire inhoud
van het Galactische Centrum kunnen construeren.

Sleutelwoorden: Astrometrie — Catalogus — Melkweg: centrum — Melkweg: kinematica en

dynamica — Melkweg: nabije omgeving — Sterren: kinematica.



Abstrak Bahasa Indonesia

Pekerjaan ini dikonsentrasikan pada pengembangan kriteria pencarian bintang hipercepat (hy-
pervelocity star atau HVS) dalam sebuah katalog astrometri, sebagai persiapan untuk misi Gaia
yang akan datang. Serangkaian prosedur seleksi telah dikembangkan dengan menggunakan
asumsi geometris bahwa bintang hipercepat bergerak dalam arah radial menjauhi Pusat Galaksi.
Dari set data gerak diri dapat ditentukan kecepatannya relatif terhadap Pusat Galaksi dan juga
prediksi terhadap kecepatan radial heliosentriknya. Katalog Hipparcos (ESA, 1997) digunakan

untuk menguji efisiensi teknik-teknik ini.

Bintang hipercepat bergerak dengan kecepatan ekstrim (21000 km s~!) menjauhi Pusat
Galaksi. Mereka tercipta dari perjumpaan (encounter) dinamik antara bintang-bintang ganda
dekat dengan Lubang Hitam Supermasif di Pusat Galaksi. Ini diprediksi pertama kali oleh Hills
(1988) dan model-model selanjutnya oleh Yu & Tremaine (2003), Gualandris et al. (2005), Levin
(2006), dan Sesana et al. (2006) mengkonfirmasi prediksi ini. Penemuan pertama sebuah bintang
hipercepat, SDSS J090745.04+024507, oleh Brown et al. (2005) dan kemudian enam lainnya
oleh Hirsch et al. (2005), Brown et al. (2006a, 2006b), dan Edelmann (2005) memantapkan
prediksi ini. Diadakannya program pencarian bintang hipercepat dimotivasi oleh pentingnya
peran bintang hipercepat dalam memahami dinamika di daerah sekitar Pusat Galaksi dan juga
untuk memberikan batasan-batasan pada bentuk dan orientasi Halo Galaktik (Gnedin et al.
2005). Brown et al. (2006a, 2006b, 2007) dengan sukses telah melakukan pencarian terseleksi
untuk bintang-bintang dengan kelas spektrum tertentu, namun hingga kini belum ada pencarian

menyeluruh melalui paramater-parameter astrometri.

Misi Gaia, direncanakan untuk diluncurkan sebelum pertengahan 2012, akan melakukan
survey terhadap paralaks dan gerak diri dari ~ 10° bintang lengkap hingga V = 20 magnitudo.
Ini akan memungkinkan kita mencari bintang hipercepat dan mempelajari gerak mereka, namun
katalog bintang hipercepat yang ingin kita hasilkan harus diekstraksi dari set data berjumlah

teramat besar. Dibutuhkan kriteria pencarian yang efektif untuk mendeteksi bintang hipercepat
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dalam katalog astrometri seperti demikian, untuk dapat menolak sebanyak mungkin bintang-
bintang non-hipercepat.

Aplikasi kriteria yang telah dikembangkan pada Katalog Hipparcos menghasilkan 3645 kandi-
dat, dengan menggunakan pula tiga katalog kecepatan radial sebagai pemeriksaan silang antara
kecepatan radial yang diprediksi dengan yang diamati. Dengan menganggap kandidat ini adalah
bintang-bintang yang secara fisik “normal”, kandidat-kandidat ini dipetakan dalam Diagram H-
R “astrometris” (Arenou & Luri, 1999) untuk dibandingkan dengan set data bintang-bintang
Hipparcos yang “berkelakuan baik.” Dengan menentukan seberapa jauh kandidat-kandidat ini
dari bintang-bintang “berkelakuan baik” tersebut, dapat disusun peringkat kandidat bintang
hipercepat dari yang paling mungkin hingga yang paling tidak mungkin, sehingga bintang-
bintang ini dapat ditindaklanjuti melalui pengukuran kecepatan radial. Teknik ini menyim-
pulkan bahwa kemungkinan hanya ada 210 kandidat yang layak ditindaklanjuti.

Teknik yang dikembangkan dalam pekerjaan ini berhasil membuang 96.9% sampel Hipparcos
namun ini masih terlalu kecil bila melihat ekspektasi jumlah bintang hipercepat relatif terhadap
jumlah bintang di Galaksi. Karena teknik ini bergantung pada indikator jarak, paralaks berkual-
itas rendah dapat diganti dengan jarak fotometrik yang telah terkalibrasi dengan baik, sementara
pembandingan kandidat bintang hipercepat dengan bintang-bintang “berkelakuan baik” dapat
diperbaiki bila kita dapat menyusun Diagram H-R untuk bintang-bintang di Pusat Galaksi.

kata kunci: Astrometri — Katalog — Galaksi: pusat — Galaksi: kinematika dan dinamika —

Galaksi: daerah lokal matahari — bintang: kinematika.
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Chapter 1

Introduction

It is believed that in the center of the Galaxy lies a massive black hole (BH) with a mass of
the order of 2 x 105M, (Binney & Merrifield, 1998). Hills (1988) has calculated that a close
encounter between a tightly bound binary with the BH can cause one binary component to be
bounded to the BH while the other will be ejected from the Galactic center with a speed of
up to 4000 km s~!. The latter were named hypervelocity stars (HVS). The discovery of even
one such HVS can provide a definitive evidence for the existence of such a massive BH in the
Galactic center, because no other known mechanism can produce such a star. Hills calculated
that one HVS with V' = 1400 km s~! is ejected from the Galactic center every 10® yr, which

means that we can expect as least 6000 HVS within the solar circle.

Yu & Tremaine (2003) later provide two additional mechanisms to eject HVS from the
Galactic center: gravitational encounters of two single stars and a three-body encounter between
a single star and a binary black hole (BBH). They predict that 1) the rate of ejection for an
encounter between two stars is 10~ yr~!, which is too low to be detectable and hence negligible,
and 2) also in agreement with Hills, we can expect ~ 103 HVS within the solar circle. This makes
HVS extremely rare and hard to find since we can expect at the order of 10! stars within the
solar circle. Gualandris et al. (2005) studied the ejection mechanism by a supermassive black
hole (SMBH) through scattering experiments and found that tidal disruption of binaries will
create HVS with higher velocities while BBH eject HVS at a higher rate. Levin (2006) found
that in the case of an inspiraling intermediate-mass black hole (IMBH) toward a SMBH, the
inspiraling IMBH will eject HVS in a burst that lasts a few dynamical friction timescales, and
that most of the stars will be ejected isotropically. If the orbit of the IMBH is eccentric, the

ejected stars will form a broad “jet” roughly aligned with the pericenter velocity of the IMBH.
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Sesana et al. (2006) also obtained the same result with their experiments of full three-body
scattering: black holes with eccentric orbits eject HVS along a broad jet perpendicular to the

semimajor axis.

Not only are HVS important to prove the existence of a BH (or BBH) in the Galaxy and to
understand the dynamics in the Galactic Center, but they are also important probes of multi-
scale Galactic phenomena. Gnedin et al. (2005) showed that knowledge of the trajectories of
HVS would give significant constraints on the shape and orientation of the Galactic halo. Their
frequency of ejection, spectral properties, and distribution can provide important constraints on
star formation in the Galactic Center (Kollmeier & Gould, 2007). It is thus important to start

developing a search program to look for HVS.

In 2005, in a kinematic survey of blue horizontal branch (BHB) stars, Brown et al. (2005)
serendipitously discovered the first HVS, SDSS J090745.04+024507, travelling with a heliocentric
radial velocity of 853412 km s~!, and a Galactocentric velocity of at least 709 km s~!. Because
the star is either a BHB or a B9 main sequence star, its heliocentric distance can be either 39
or 71 kpc, respectively. At the HVS’ mean distance of 55 + 16 kpc, the mass of the Galaxy

is 5.4 x 1011M@ and its escape velocity is vese = 305 km s71.

Hence the HVS is moving with
well over twice the escape velocity from the Galaxy and is unbound to the Galactic potential.
Gualandris et al. (2005) traced back the star’s trajectory in the Galactic potential and found
that it should have a proper motion of 2 mas yr—! if it came from within a few parsecs from
the SMBH. Recent observation by Fuentes et al. (2006) showed the HVS to be a low-amplitude

variable. They resolved its spectral type to be a B9 main sequence star, and concluded its

distance to be 71 kpc from the Sun.

At present, 6 HVS ejected from the Galaxy have been discovered by Brown et al. (2005,
2006a) and also by Hirsch et al. (2005) in a survey of subluminous O stars, while 1 HVS,
discovered by Edelmann et al. (2005) in their survey of subluminous B stars (sdB), is thought
to be ejected from the Large Magellanic Cloud. All initially discovered HVS were contaminants
in a survey of blue stars. Following the discovery of the first HVS, Brown et al. (2006a, 2006b,
2007) conducted the first targeted search of HVS by selecting B-type stars in the Sloan Digital
Sky Survey (SDSS) and not only did they successfully discover 4 new HVS but also a new class
of HVS: bound HVS that were moving at high velocity but are still gravitationally bounded to
the Galaxy. The survey also observed that HVS have a marginally anisotropic distribution at
20 confidence toward the anticenter hemisphere (Brown et al. 2007). Table summarises the

properties of all the known seven HVS so far.
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Table 1.1: Properties of hyper-velocity stars that has been discovered so far, taken from Brown et al.
(2006b). The columns are HVS number, Galactic coordinates (I,b), apparent magnitude ¢’ (¢’ are one
of SDSS’ broad-band photometric system, with effective wavelength Aeg = 480 nm and FWHM = 141
nm, approximately halfway between the Johnson-B and V systems), minimum Galactocentric rest-frame
velocity v,f (not a full space velocity), estimate of heliocentric distance d, estimated travel time tqc since

its ejection, Catalogue name, and the reference.

ID l b J Uy g d tge Catalogue Name Ref.
© ° mag kms~! kpc Myr
HVS1 2273 31.3 198 +709 71 160 SDSS J090745.0+024507 1
HVS2 176.0 47.1 18.8 +717 19 32 US 708 2
HVS3 263.0 409 16.2 +548 61 100 HE 04375439 3
HVS4 1948 426 184 4563 75 130 SDSS J091301.0+305120 4
HVS5 146.3 38.7 17.9 +643 55 90 SDSS J091759.54-672238 4
HVS6 243.1 59.6 19.1 +508 75 160 SDSS J110557.45+093439 4
HVS7 263.8 579 17.7 4418 55 120 SDSS J113312.12+010824.9 4
References: (1) Brown et al. 2005, (2) Hirsch et al. 2005, (3) Edelmann et al. 2005, (4) Brown

et al. 2006a.

All discovered HVS so far are blue stars and this reflects the fact that they are discovered in a
survey of blue stars or through a preselected target of blue stars. A search using astrometric data
is currently not feasible since no astrometric catalogue has gone deep enough. If we assume that a
HVS is solar-type star with My = 4.77, then at a distance of 10 kpc from us its V-band apparent
magnitude is V = 19.77, its parallax is o = 0.1 mas and its proper motion is s ~ 21 mas yr—! if
it is moving with a tangential velocity of v = 1000 km s~!. Although the proper motion is still
within the limit of reasonable accuracy, the magnitude is beyond the limiting magnitude of any
astrometric catalogue, including the Hipparcos Catalogue with a limiting magnitude of 12.4. No
astrometric survey has measure such a small parallax with sufficient accuracy either. But in the
future this will no longer be the case. The Gaia satellite mission, a more ambitious successor to
Hipparcos, is now in preparation. In October 2000, Gaia was selected as the 6th Cornerstone of
the European Space Agency (ESA) Horizon 2000+ programme and it will be launched no later
than 2012. It aims to create a precise three-dimensional map of 1 billion stars in the Galaxy and
beyond, as well as to measure their motions. To achieve this, Gaia will accurately measure the

positions, parallaxes, and proper motions of all stars down to the limiting magnitude of V = 20
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Table 1.2: A summary of Gaia’s survey and measurement capabilities. pas is micro-arcsecond.

Survey parameters

Magnitude limit 20 — 21 mag
Completeness V' = 20 mag
Number of objects 26 x 10% to V' = 15 mag
250 x 10° to V = 18 mag
10° to V = 20 mag

Measurement and accuracies

parallax T7pas at V = 10 mag
12 — 25pas at V = 15 mag
100 — 300uas at V' = 20 mag
photometry low resolution
prism spectra to V' = 20 mag

radial velocities 1 —15km s~! to V = 17 mag

as well as radial velocities for all stars brighter than V' ~ 17 magnitude. Gaia will also measure
the photometric properties of each detected objects and an on-board object detection scheme is
developed to ensure a complete census of every object with V' < 20 magnitude. A summary of
Gaia’s capabilities are given in Table These astrometric accuracies is then put into a model
of the Galaxy to calculate the distance and an assessment of the corresponding relative errors
in distance and parallax (Perryman et al. 2001). 2 million stars will have distance accuracies to
better than 1 percent, 50 million better than 2 percent, 110 million better than 5 percent, and
220 million better than 10%. 40 million stars will have tangential velocity accuracies to better
than 0.5 km s~', 80 million better than 1 km s~!, 200 million better than 3 km s~!, 300 million
better than 5 km s~!, and 440 million better than 10 km s~!. Note that although the absolute
errors are magnitude-depended, the relative errors in distance depend on the actual distance to
the stars. Hence faint and faraway stars will still pose a problem to accurately estimate their
distance.

The challenge will be to detect HVS within such an enormous amount of data at varying levels
of accuracy. Nearby HVS within 1 kpc, should there be any, might be easily detected because
up to this distance, astrometric parameters are accurately measured, but the real challenge

is to be able to unambiguously detect fainter and farther HVS within the larger volume of
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Gaia’s detection sphere. We will need to develop search criteria that will enable us to extract a
subsample of Gaia containing HVS. The goal of this project is to exploit our current knowledge
on the kinematics of HVS to devise preliminary criteria that will reject as much non-HVS as
possible, and then investigate whether any other method involving photometry can reject more
stars.

As a first step, we make an a priori assumption that all stars are HVS. We then construct a
kinematical model assuming that HVS only move radially away from the Galactic center. From
the proper motion we can then calculate its supposed distance and compare it with the observed
distance. We also calculate its Galactocentric-rest frame velocity to see whether it is fast enough
to be considered a HVS. This will be described in the next chapter, Chapter 2l In Chapter (3] we
apply these criteria to the Hipparcos Catalogue and discuss the resulting subsample. For a large
number of candidates the predicted distance would make their luminosities too bright in the H-R
Diagram. Hence a further selection was done by comparing the candidates’ inferred locations
on the H-R Diagram with ordinary stars from the Hipparcos Catalogue in order to narrow down
the list of stars to be followed-up. A ranking is constructed based on their proximity to ordinary
stars, and a priority-based observing list is produced. A discussion of the results and future

work will appear in Chapter [4]



Chapter 2

Kinematics of HVS

2.1 Basic assumptions

In this work two assumptions on the kinematics of HVS are taken. The first one is that HVS
move in a radial direction away from the Galactic Center without any movement in the tangential
direction. This is a distinct kinematical feature of a HVS, although there should be small changes
induced by the nonspherical component of the Galactic potential (Yu & Tremaine, 2003). Since

only HVS moving at more than 10% km s~!

are considered, which is well over the local escape
speed from the Galaxy, then this small perturbation is negligible. Secondly, it is assumed that
all stars lack radial velocity data to begin with, and we have to work only with proper motions
and parallaxes. This is a valid assumption since only 20% of stars in the Hipparcos Catalogue
have radial velocity data and this is limited only to the brightest stars. Furthermore there will

be only 100 — 150 million stars out of ~1 billion stars that will be surveyed by Gaia that will

have radial velocity data. In either case it is better to work only with the astrometric data.

2.2 Kinematical model of HVS

The position and motions of stars relative to the Sun are all described in the Galactic coordinate
system as well as within the Cartesian frame of reference with the same orientation as the
Galactic coordinate systems, and centered on the Sun. The Galactic coordinate system along
with the useful transformations from Equatorial to Galactic coordinates are all described in
Appendix [A] Let us now consider an arbitrary HVS in the direction (/,b) at a distance d = 1/w
moving radially away from the Galactic Center, where w is the star’s parallax angle. The

Galactocentric-rest frame velocity vector is vgpt’, where ' is the unit vector pointing radially
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URFf‘,

Sun Se
Rox Galactic Center
Figure 2.1: The kinematical situation of a HVS. di is the vector from the Sun to the HVS, Ryx is
the vector from the Sun to the Galactic Center (GC), and d'# is the vector from the GC to the HVS.

The rest-frame velocity can be broken-down into the line-of-sight velocity or the radial velocity vy, the

tangential velocity vy = 2= /u? + u2’, and the correction for solar motion.

w

away from the Galactic center, it can be broken-down into its heliocentric components and the

correction for solar motion:

A
’URpf', :Q)Rf‘—l-gvﬁ—i-V@, (2.1)

where vit is the observed heliocentric radial velocity vector of the star, A, = 4.740 km yr s,

= P + wpq is the observed proper motion vector of the star, and v is the velocity vector
of the solar motion and the circular velocity of the LSR at the solar radius Ry = 8.5 kpc. For
this work the standard value of v, = 220 km s~! for the circular velocity of the LSR around the

Galactic Center as well as Dehnen & Binney’s (1998) values of the solar motion are used:

vor=Up = 10.00+0.36 km s~
Voy—ve=Vo = 525+£0.62kms ", (2.2)
Vo, =Wy = T17+£038 kms '
If we take the cross product of r and X, we will have a vector perpendicular to both, e, =

(r x %X). The dot product of ¥ and e will be zero since both of these vectors are perpendicular

to each other. Thus we will have (' -e;) = 0 as well as (f-e;) = 0. If The Sun is stationary
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relative to the GC, Equation will simply be vgpt’ = vt + % i1, and taking the product of
both side with e will yield (fi-e;) =0 or

« tanl
Hix _ tant (2.3)
o sinb

The left side of Equation is the direction angle of the proper motion vector, while the right
side is the direction angle from the GC to the star. Hence if The Sun is stationary then it is easy
to notice any star moving radially away from the Galactic Center, we just have to trace back
their proper motion vector in the celestial sphere and if it passes the direction to the Galactic
Center then the star should came from there. However the solar motion complicates the issue
because from our frame of reference it will change the direction vector of the star’s movement,
and this change depends on the star’s distance from the Sun. If we now include the solar motion

we will have:

. Ay,
0 = UR(r'eL)+g(ﬂ'eL)+(V®'el)7
Ay,
0 = g(#'eL)+(V®'eL)a
(fi-e1)
= —A,—. 2.4
“ (Vo -el) (24)

Thus, given the proper motion of a star, Equation tells us the distance where the star has
to be put from the Sun, if it is a HVS. Hence this kinematic model has an a priori assumption that
all stars are HVS. We could then calculate its supposed parallax then compare this computed
parallax w,. with its observed parallax wgns to see whether both agree. If both agree within
their errors, then the model is true for the evaluated star and thus it is a HVS.

To compute the magnitude of vgr without any knowledge at all of the observed radial

velocity we project vgpr’ onto the plane containing the proper motion vector:

NP PP Ay . . N
vppt - (P+4q) = er-(p+q)+gvﬂ-(p+q)+v@-(p+q),
utv+ve-P+Vve-q

7 prioq '

VRF = (2.5)

Since the line of sight vector r is perpendicular to the proper motion vector i, the radial velocity
components is once again cancelled. v; = %Hl* and v, = %,ub are the tangential velocity in
the direction of [ and b, respectively. This calculation of the total velocity will enable us to test
whether the star in question is fast enough to be considered a HVS.

Furthermore, by projecting vgpt’ onto the line of sight vector r, we can predict the observed

radial velocity:
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vg = (vrpt —Vg)- I (2.6)

This time [i vanishes because it is perpendicular to t. This prediction can be used as a further
test should the star in question has an observed radial velocity that we can compare to the
prediction.

We can now evaluate Equation and [2.6] if we know the star’s proper motion in the
direction of (I,b), its parallax angle tw, and all the unit vectors in those equations. The matrix

in Equation in Appendix [A] tells us that

p = —xsinl+ ycosl, (2.7)
q = —xcoslsinb—ysinlsinb+ zcosb, (2.8)
r = xcoslcosb+ ysinlcosb+ zsinb, (2.9)

Thus it is easy to compute

x y Z
€, = IrXX=]| coslcosb sinlcosb sinb | =Fsinb— zsinlcosb, (2.10)
1 0 0
g = P+ mdq
= —X(pxsinl 4 ppcoslsind) + § (s cosl — ppsinlsinb) + z(py cosb), (2.11)
= H;’:gzﬂ - %(df — Ro%), (2.12)

where d’ = (d? + R% —2d Ry cos  cos b)'/? is the distance from the star to the Galactic Center and
d = 1/w is the distance from the Sun to the star. With these equations in hand, the computed

parallax angle w, in Equation [2.4] then becomes

pysinl — py, coslsind

@e = Ay Ve, sinb — v sinlcosb’ (2.13)
the Galactocentric rest-frame velocity is
/ e A
URE = ;0 <Ul dgizblizgsl(sli)njl: q)) ’ (2.14)
and finally, the predicted heliocentric radial velocity is
UR = URE (d— Rpcoslcosb) — (ve,zcoslcosb+ vy sinlcosb 4 ve , sinb). (2.15)

d/
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2.3 The error propagation

It is assumed that the errors in the measurement of equatorial coordinates are small and negli-
gible, so only the errors in parallax and proper motion in equatorial coordinates are considered.
Since the proper motion in galactic coordinates consist of the components of proper motion in
equatorial coordinates, then their error has a correlation which we must take into account.

To calculate the errors of proper motion in galactic coordinates and their correlations, first we
use Equation in Appendix [A] to transform the proper motions into the Galactic coordinate
system, and calculate the Jacobian J. We then calculate the errors of proper motion in Galactic

coordinates by means of covariance matrix:

2 2
O g, PO Oy | J O e PO e O s J7 (2.16)
2 2 '
paﬂl* Uﬂb U,uz, paﬂa* UH(S ng

Now, from Equation [2.13] we can compute the error of the predicted parallax angle by the
equation for the propagation of error. We can see that there is a linear relation between w,. and

the proper motion components p, and pp. We can write Equation [2.13] as

We = Clftx + C2ftb, (2.17)
where
coslsinb
a = —4A . . , (2.18)
Vo, Sinb — vg , sinlcosb
sinl
ca = A . . : (2.19)
Vo, Sinb — v, sinlcosb
With the propagation of error equation (Equation , the error in w, is then
02, = ¢ion,. + Gon, + 2c1cc0v (puapin), (2.20)

where cov(pip) = PO, Ou,-



Chapter 3

Selecting HVS Candidates

3.1 Preliminary criteria and its application to Hipparcos

In Chapter [2[the geometrical situation of a HVS and its kinematical properties has been showed.
Now we will use these properties as a preliminary criteria. As a test for this criteria the Hipparcos
Catalogue, at present is still the the best available astrometric catalogue, is used. Containing
118 218 stars with median astrometric precision to around 1 mas, it also contains ~ 60 000
objects complete to V = 7.3 —9 (ESA 1997, vol. 1, p. 3-4). This catalogue is also used because
of its resemblance to the upcoming Gaia mission, which is going to be the successor of Hipparcos.
For all stars in Hipparcos, two kinematical parameters in the HVS model is calculated: observed
parallax w,. using Equation and Galactocentric velocity vgpp using Equation The first
thing to do is rejecting all stars with w,. < 0, since these values are meaningless. A negative w,
means that the star has to be put on the opposite side of the sky where we observed it, if it is
a HVS. Since that is not the direction where we observed it then this value is meaningless. The
same also goes for stars with exactly zero parallax, which means that the star has to be put at
infinite distance. However, negative value in observed parallax wgps is acceptable, since these are
only stars with low quality in parallax measurement. Afterwards, we could check whether the
computed parallax agrees with the observed one. We can do this by looking at the differences
between the two and see whether they agree with each other within their errors. We define the
dimensionless quantity z, given by

Wobs — We

2= (3.1)
\/ UYQﬂobs + U%c
which measures how close a particular star is to the kinematical model of an HVS, within the

resultant errors in wyps and w.. If our a priori assumption that “all stars within Hipparcos

11
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Figure 3.1: The probability density function (PDF) of z (red curve) for all Hipparcos stars, compared
with a Gaussian PDF (blue curve) with zero mean and unit variance. The large deviation of the z PDF

from the Gaussian PDF clearly shows that the kinematical model of HVS is not correct for most of stars.

are HVS” is correct, then the distribution of z should be Gaussian with zero mean and unit
variance and errors would only come from measurement errors. However, we know that this is
not correct because the majority of stars that we observed don’t behave like a HVS. As a test, we
can calculate z for all stars in Hipparcos and calculate their probability density function (PDF)
and compare them with a Gaussian PDF with zero mean and unit variance, shown in Figure
The blue-coloured curve in Figure is the Gaussian probability density function (PDF)
of z if all stars are HVS, while the red-coloured curve is the PDF of z for all stars in Hipparcos.
This departure from a Gaussian distribution is understandable because we are forcing all stars
to be HVS and this model is, of course, not true for most cases. For a genuine HVS there is a
99.73% chance that it will have |z| < 3. Thus, if we reject every Hipparcos stars with |z| > 3,
we only reject 0.27% of stars that might be genuine HVSs. This cut-off then has a low false

rejection rate since there is only a 0.27% chance of throwing away any real HVS stars.
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Figure 3.2: The spatial distribution of 3645 HVS candidates in Galactic Coordinates. The center of the

plot is the direction of the Galactic Center

The next criterion is to see whether their Galactocentric velocity is fast enough to be con-
sidered a hypervelocity stars. The Galactocentric velocity is calculated using computed parallax
w. in Equation and checked whether it is higher than 1000 km s~!. The fourth criterion,
the stars lying around the direction of the Galactic Center and the Anticenter are rejected. This
criterion arise from the fact that the direction of movement and speed for all stars are computed
based solely on their proper motion data. This calculation then is unreliable for stars with small
tangential component because that tends to enlarge their relative error in proper motions and
thus their computed parallax w,.. Such stars with small components in tangential motion are
stars in the direction of the Galactic Center and the Anticenter. Thus, stars with 340° <[ < 20°
and |b] < 10°, as well as stars with 160° < [ < 200° and |b| < 10° are rejected. Applying all this

criteria yields 4253 preliminary candidates, which is 3.6% of Hipparcos stars.
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To further reduce the number of HVS candidates, we impose the final criterion: we check
whether any of these 4253 candidates have radial velocity data from the literatures, and see if it is
consistent with the predicted heliocentric radial velocity vg predicted, calculated by Equation

We cross-checked the candidates with three different post- Hipparcos radial velocity catalogue:

1. The Catalogue of Radial Velocities of Galactic Stars with High Precision Astrometric
Data (CRVAD) (Kharchenko, Piskunov, & Scholz, 2004). This catalogue supplements
the All-sky Compiled Catalogue of 2.5 Million Stars (ASCC-2.5) (Kharchenko, 2001). It
cross-checks entries in the ASCC-2.5 with General Catalogue of Averaged Stellar Radial
Velocities (GCRV) (Barbier-Brossat & Figon, 2000) and contains radial velocity data for

34 553 stars, among which 25 413 are Hipparcos stars.

2. The Geneva-Copenhagen Survey of the Solar Neighbourhood (Nordstrom et al. 2004).
Whereas the CRVAD contains large number of stars for all spectral type, The Geneva-
Copenhagen Survey is a dedicated survey of F and G dwarfs. The radial velocity data was
obtained with the CORAVEL spectrometers (Mayor, 1985) and the digital spectrometer
(Latham, 1985) of the Harvard-Smithsonian Center for Astrophysics (CfA). The Catalogue

contains 16 682 stars, with 14 995 stars with Hipparcos entries.

3. Radial velocities for 6691 K and M giants (Famaey et al. 2005). For the purpose of their
investigation of the local kinematics of K and M giants, Famaey et al. compiled a list of

Hipparcos K and M stars complemented with radial velocity data from CORAVEL.

All three catalogues contain entries that overlap with each other. Should there be any overlap,
the CORAVEL observations are taken. As a result, 879 radial velocity data are extracted, of
which 608 are located outside the direction to the GC and the Anticenter.

To see whether the literature radial velocity vg jiterature iS consistent with the predicted radial
velocity VR predicted, its difference Avg = |vR jiterature — VR, predicted| 15 checked whether it is inside
the errors of OvR predioted D0 Stars are within the errors of vg predicted; however the margin of
errors are very large (> 1000 km s™1) hence we discard them anyway. The final candidates are
3645 stars, of which the spatial distribution is shown in Figure[3.2l We can see that, aside from
the rejected stars in the Center and Anticenter area, all the candidates are distributed in all
directions except in the thin area near the Galactic plane in the direction of Galactic rotation
and antirotation.

Of the 3645 early candidates, 3301 have smaller computed parallax angle, so most of these

stars have to be put in a farther distance than what is inferred from their observed parallax.
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Figure 3.3: Top-Left: The distribution of the difference (wops — w.). Top-Right: The distribution

of the resultant error (02, + 0.)'/2. Bottom: The histogram for the resulting z values.

This fact is shown in Figure which shows a “shift” in the mean observed parallax to smaller
values in computed parallax. The rest of it, 344 stars with larger w, than wgs arise because of
the negative values in w,s and their large errors. If we now assume that the computed parallax
is the correct distance indicator, then most of these stars would be extremely bright and this
is confirmed by their position in the Hertzsprung-Russel Diagram, plotted using the computed
parallax w., shown in Figure As we all can see, most of these HVS candidates are not
supposed to exist at all because of their extreme brightness. At the very least, if they really are
hypergiants, then they should be extremely rare and we are not expecting those area to be very
crowded. These stars get selected because they have larger error in their observed parallax wgps
than their computed parallax w,, hence their absolute differences in parallax is still within 3o.

The number of preliminary candidates, 3645 stars out of 118 218 or 3.08% of the total sample,
are still too big for the expected number of HVS that could possibly enter Hipparcos’ detection



16 3 Selecting HVS Candidates

600 400
200 | 300E
S 400 ’
o g g 1
5 300F 200 f ]
o ‘
- 200 woog ]
100
0k 0f
00 01 02 03 04 05
T [mas]

Figure 3.4: Left: The histogram for observed parallax wq,s of 3645 early HVS candidates. Right:

Same as in the left, but for the computed parallax w..

sphere. In fact, if theoretical models dictate that there are only ~ 1000 HVS within ~ 10! stars
within the solar circle then we should not expect any HVS to be within the solar neighborhood!
Large inaccuracies in the astrometric data adds up to this large number of possible candidates.
We have to remember that we are looking at objects with low apparent brightness and this
makes it difficult to have a reliable astrometric measurement. This fact is shown in Figure |3.6
which shows that errors in measured astrometric parameters increase with apparent magnitude.
Also, comparison between the errors in observed parallax and the computed one shows clearly

1/2 is dominated by the errors in the observed parallax rather

that the resultant error (02 + 0?2)
than the errors in the computed one, which is a function of the errors in proper motion. But as

stated before, to this date there are no better parallax catalogue than Hipparcos.

3.2 The probability of the candidates being “normal” stars

At this point, looking at Figure|3.5] we could intuitively say that those stars that are extremely
bright can be rejected straightaway just by looking at their absolute magnitude. We can simply
make a clear cut for stars with My < —6.0, this will take 2704 stars but there are still 941 stars
left where most of them filled up the extremely rare supergiant area of the Hertzsprung-Russell
Diagram.

Another way to look at this problem is to see the position of these candidates in the
Hertzsprung-Russell Diagram, relative to the stars with better measurement in parallax (the

so-called “good” stars, colored red in Figure . As we see it in Figure we could say that a
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Figure 3.5: The position of 3645 HVS candidates in H-R Diagram (blue). The plot of 8269 Hipparcos
stars with parallax relative error o /w < 0.1 and apparent magnitude V < 7.3 are also shown (red), as

a comparison to the candidates’ position in Diagram.
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Figure 3.6: The errors in measured astrometric parameters: observed parallax weps (top-left) and
the proper motions py. (top-right) and p;, (bottom-left) (both derived from measured proper motions

in equatorial coordinates, p« and ps), as well as the resulting observed parallax w. (bottom-right).
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Figure 3.7: An example of an error rectangle. For each candidate with position (B — V, My ) in the
H-R Diagram, an error rectangle is constructed from its errors. Each star will have an error box with
width 20p_y and height cr}&v + 0y, - We then calculate the number of red-coloured stars, the so-called

“good” Hipparcos stars (defined in Section [3.3)), and calculate its number density of good stars.
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candidate that is located much closer to the bulk of the “good” stars could possibly be a better
candidate than the ones that are located much farther.

To elaborate this idea with a mathematical procedure, a method to estimate the probability
is devised. In every HVS candidates there are errors in colour index (B — V) and absolute
magnitude My, derived from errors in w.. Hence, for every candidates we can construct an
error rectangle with a width of 205 _y and a length of ‘71\+/1V + 0y, to account for the asymmetric
error bars (See Figure for an illustration).

We could then count the number of “good” stars within this error rectangle, and next the
number density of “good” stars, which is the number of stars within the error rectangle divided
by its area. The density of “good” stars within the error rectangle of each candidates could then
become a parameter for its proximity to the area in the Hertzsprung-Russell Diagram that are
usually populated by ordinary stars. From this density then we can construct a ranking of the

most promising HVS candidates down to the least promising.

3.3 Extracting a subsample of “good” stars from the Hipparcos

Catalogue

The crucial thing in calculating the density is in defining the “good stars.” It is defined, in
principle, as a sample of stars that represent the stellar content of Galactic Center (GC), since
we want to compare our HVS candidates with the stars in the GC. Currently, we have no
complete knowledge of the stellar content within the Galactic Center, however if we take a
bold step and simplify the situation by assuming that the stars in the Galactic Center are just
ordinary stars like the stars in the solar neighbourhood, then we could build such a sample from
the catalogue of local stars like Hipparcos. Additionally, these must also be a representative of
similar stars within the H-R Diagram.

To construct a H-R Diagram representing the stellar content of the solar neighbourhood, we
could truncate the Hipparcos Catalogue to a sample of stars with the best quality in parallax
measurement. A |05 /w| < 0.1 is usually the practice. If the median error in V-band magnitude
is 0.012 mag (ESA 1997, vol. 1, p. xv) and the cut-off in parallax relative error is 10%, that
would make the largest error in absolute V-band magnitude My to be oy, ~ 0.23 mag. This is
good enough for our purpose, and the small relative error makes the nonlinearity bias (discussed
later in Section negligible. The 10 percent cut-off automatically exclude the farthest stars

and leaves us with 20 812 of the total 118 218 stars in Hipparcos, and we have an incomplete
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parallax-limited sample at o = 4.55 mas.

This 10 percent cut-off will lead, however, to the truncation bias. A truncated sample
according to an upper limit in |05 /w| tend to favour nearby stars or—in other words—stars
with large parallax. This cut-off will also favour only the brightest stars since for a given w, the
precision o is mainly due to photon noise (Arenou & Luri, 1999). This truncation problem can
only be solved with a complete parallax-limited sample down to the faintest possible luminosity,
but as of today no such sample exist. The only reliable way to create an unbiased representation
of the H-R Diagram is then to impose an apparent magnitude limit. Depending on Galactic
latitude b and spectral type, Hipparcos is complete to V' = 7.3 —9 magnitude, (ESA 1997, vol. 1,
p. 4). If we take a simple magnitude cut-off at V' = 7.3, we obtained a final subsample consist of
8269 stars with (|ow/w| < 0.1)N(V < 7.3). A comparison between the two definition of “good”
stars are shown in Figure Green dots are Hipparcos stars selected by (|og/w| < 0.1), while
red dots are stars with criteria (|og/w| < 0.1) N (V < 7.3). The magnitude cut-off clearly
throws out the low-luminosity end of the H-R Diagram, but the early-type stars and the giant
branch are intact, and this is the part we are most interested in because most of the promising
candidates are located in that area (Figure [3.5]). We shall also see later in Section that if we
use both definition of “good” to estimate the probability of candidates, the resulting ranking

does not actually change too much.

3.4 Nonlinearity bias and the Astrometry-Based Luminosity

The non-linear relationship between absolute magnitude M with parallax w will induce biased
estimate of absolute magnitude. While a particular star with observed parallax wy and error
0w, would have a Gaussian probability distribution centered at g, the derived My from the
relation My = m + blogwy + 5 will produce an asymmetry in the error distribution of M, and
thus a biased estimate of Mj. The same case also applies for the derived distance dy = 1/wy. If
we calculate the distance dy to the star from its measured parallax by dy = wio, then the PDF

P(d) transforms according to (Trumpler & Weaver, 1953)
od
P(d)=|—|P 2
(@) =| 5| P(=), (32

and similarly, P(My ) transforms according to

oMy

Ow

P(My) = P(w). (3.3)
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Figure 3.8: The H-R Diagram plot comparing two different subsample of “good” stars: Hipparcos stars
with only |0 /w| < 0.1 (green dots) and Hipparcos stars with (|05 /w| < 0.1)N(V < 7.3) (red dots).

The magnitude-limited subsample clearly throws out the low-luminosity end of the H-R Diagram.
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This will give the Gaussian PDF an additional non-linear factor that depends on w. As an
illustration, the calculated PDF for dy and My and their sensitivity to errors are given in
Figure [3.9] If we have, for example, a parallax measurement for 3 stars with the same mean
value of parallax wy = 5 mas but with three different relative errors oy, /wo = 0.2,0.4,0.5.
The PDF P(w) of the measured parallax (assumed to be Gaussian) for each star is shown
in the top-left part of Figure From the PDF of dy (top-right part of Figure we can
see that our estimate for dy is biased toward the closer distance from us. The curve do not
have a Gaussian nor symmetric error distribution and the mean distance dy has an offset from
the peak distribution, as shown by the dashed line. As the parallax relative error increase,
the PDF gets more asymmetric and curve upwards in increasing distance and the bias toward
increasing distance gets larger. The same case also applies to the derived absolute magnitude
My = m+5log wp+5, derived by Equation [3.3] For this illustration we use an arbitrary value of
apparent magnitude m = 7.3 and assume that its measurement errors are negligible. The PDF
of My is shown in the bottom-left part of Figure|3.9] The mean absolute magnitude, My = 0.79,
also has an offset from the peak distribution, and the larger the relative error, the harder it is
to correctly estimate its luminosity. We can see that our estimate of M is biased toward fainter
magnitude. For larger parallax relative error, the situation is worsening and the bias gets higher
up to a point where our estimate of Mj is useless. Note that it is not the value of o4, nor wy
that matters in the nonlinearity bias, but rather the parallax relative error |0 /w|. We could
try the same exercise for other values of w( and o, but it is their relative value that will dictate
the size of the bias.

The nonlinearity bias in My can be quantified by calculating E[My|wo] — M, which is the
difference between the expectation value of My with the “true” absolute magnitude M, which
we don’t know. The value for this bias is (Arenou & Luri, 1999)

2

E[M, ]w]—M—5/+ool <1+u"w°) exp(— =) du (3.4)
0/%@0 T o) og =0 p 9 . .

The bias will be negligible for small relative errors (04,/w<0.1), but it will be 0.2 magnitude
brighter when o, /@ ~ 0.5, and rise dramatically for large error. At 200 percent relative error
the bias will be 0.6 magnitude too faint (Brown et al. 1997). This large nonlinearity bias at
large relative error is, however, the kind of problem we are facing at this moment because the
majority of our HVS candidates have large relative error in parallax, as shown in Figure [3:10]
~ 64% of our candidates have larger than 40% relative error in computed parallax, which is no

longer negligible. Thus, for the majority of our candidates, this will complicate the calculation
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of the mean absolute magnitude and its uncertainty.

If we linearised the luminosity scale so that it is a linear function of parallax, the truncation
bias will be reduced and the nonlinearity bias will disappear altogether (assuming that the errors
in apparent magnitude is negligible).

Arenou & Luri (1999) suggest such a thing and offer the quantity

ay = 1002Mv = 1073, (3.5)
where w is in arcsec (or ay = @10%2V =2 if w is in mas). This quantity, called the astrometry-
based luminosity (ABL), is equal to the inverse of the square root of a flux. The derived PDF
P(ay) from P(w) will also be Gaussian and this will make the nonlinearity bias disappear
altogether. Furthermore, this will make the error bars due to parallax errors symmetrical. This
makes it easier to handle those stars with parallax error larger than the parallax itself.

Of course the physical meaning of the ABL itself is questionable but for this kind of work
where we want to compare two or more objects in the luminosity scale, this quantity is extremely
useful because of the linear scale and the lack of biases induced by nonlinearity. After the
comparison job is done we could always revert back the results to the logarithmic scale. Figure
[3.11] is the so-called “astrometric” H-R Diagram, it is equivalent to Figure but the ABL is
plotted against colour instead of My. We can now see that most of the stars occupy a very thin
area in the astrometric HRD, between ay = 0 to ay ~ 0.2.

Finally we can now move on to the problem of calculating the probability of a candidate
being a “good” star. This probability is defined as the density of “good” stars within the error
rectangle, relative to the cumulative density of “good” stars within the error rectangle of all
HVS candidates.

To count the density of “good” stars within the error rectangle of a candidate, we first
construct an error rectangle centered at (ay, (B — V') with the width of 20(5_y/) and length
204, . For every stars that have exactly zero errors in (B — V'), the errors were artificially raised
to the smallest possible error, o(g_y) = 0.001 mag, to avoid a zero area for their error rectangle.
The next step is then to count the number n of “good stars” within this error rectangle, and

then calculate the density p of the “good stars” by

n
p=" (3.6)

where A = 40(p_y)04, is the area of the error rectangle. After the number density of each

candidate is counted, cumulative density > p of all n candidates is then calculated, and thus
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Figure 3.9: The PDF of parallax measurement, and the derived distance and absolute Magnitude, for
3 stars with the same mean parallax wy = 5 mas but with three different measurement errors: o4, =
1,2,2.5 mas, corresponding respectively to relative error o, /wo = 0.2,0.4,0.5. The black, red, and blue
curve shows the PDF of wy and the derived values d and My for the star with o4, /wo = 0.2,0.4,0.5,
respectively. The dashed line shows where the mean parallax wy = 5 mas is, as well as the derived values.
The error distribution of the parallax measurement for each star is assumed to be Gaussian, shown in the
Top Left part of the Figure. Top Right: The PDF for the derived distance from the measured parallax,
dg = w%), calculated by Equation Bottom Left: The PDF for the derived absolute Magnitude from

parallax, My = m + 5log @ + 5, calculated by Equation |3.3]
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Figure 3.10: The histogram for the relative error in computed parallax (o, /w.). ~ 64% of the

candidates have relative error (o4, /w,.) larger than 40%

the probability of an i-th HVS candidate being a “good” star is

Pi
P == . 3.7
i=1Pi (3.7)

We apply this technique to our candidates using both subsample of “good” stars. The
candidates are then sorted according to decreasing probability using the quicksort algorithm
in Press et al. (1989). The trend of decreasing probability is shown in the top side of Figure
Red line is the ranking using “good” sample of HIP stars with only (Jog/w| < 0.1),
while blue line is the ranking using HIP stars with the magnitude-limited sample (|0 /w| <
0.1) N (V < 7.3). We could also calculate the cumulative probability of the i-th candidate and
see how the probability grows with increasing rank. This is shown in the bottom side of Figure
Beyond the 210th rank the probability is already zero and correspondingly the curve
of probability growth shows that there are no growth in probability beyond the 210th rank.
Both of curve tell us that there might be only 210 candidates that are worth to be followed-
up by further observations, especially radial velocity observations that can be compared with
their predicted heliocentric radial velocity given by Equation Up until the 10th rank, the
probability has already grows to ~50%, so we might say that there might be only 10 “good”
candidates. Table shows the comparison of the top 20 HVS candidates calculated using the



3.4 Nonlinearity bias and the Astrometry-Based Luminosity 27

O
\
4

1F N
21 .
o B i
O L _
Er ]
5? .
4k -
51 =
6 [ 1 L]
—-0.5 2.5

Figure 3.11: The “astrometric” Hertzsprung-Russell Diagram, the ABL, for all HVS candidates and

their error bars. This is equivalent to Figure [3.5
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two different subsamples of HIP stars. Rank 1-10 are the same while the rest are just a several
steps shift, hence this ranking is actually not sensitive to the accuracy of the representative H-R
Diagram.

Finally, Figure to show both the HR-Diagram and the Astrometric HR-Diagram
for, respectively, 15, 50, and 230 top HVS candidates that are ranked using the magnitude-
limited subsample of HIP stars. The corresponding top 50 most promising HVS candidates are

listed in Appendix [C]
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Table 3.1: The top 20 HVS candidates, calculated using two different subsample of “good” Hipparcos
stars: The 10% relative error cut-off and the magnitude limited subsample. Both calculation shows that
rank 1-9 is the same while the rest are just shifting between ranks. The ranking technique is not too

sensitive to the accuracy of the subsample of “good” stars representing the H-R Diagram in the solar

neighborhood.
HIP Number
No.
(low/m| <0.1) | (lJog/w| <0.1)N(V < 7.3)

1] 36175 36175
2 | 64945 64945
3 | 44914 44914
4| 62749 62749
5 | 60553 60553
6 | 40979 40979
7 | 106299 106299
8 | 4327 4327

9| 117891 117891
10 | 89793 66125
11 | 66125 89793
12 | 61831 61831
13 | 64620 32277
14 | 32277 64620
15 | 13940 65968
16 | 65968 73607
17 | 20968 13940
18 | 73607 21222
19 | 21222 114090
20 | 114090 30950
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Figure 3.12: Top: The probability plot of each HVS candidates against their respective rank. Red line
is the ranking using the “good” sample of HIP stars with (Jo/w| < 0.1). Blue line is the ranking using
the “good” sample of HIP stars with (|0, /@] < 0.1)N(V < 7.3). Bottom: Same as in the top, but this

is the plot of cumulative probability of each candidates against their rank.
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Figure 3.13: Left: HR-Diagram for the top 15 most probable HVS candidates. Right: Same as in the

left, but in the Astrometric HR-Diagram.
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Figure 3.14: Left: HR-Diagram for the top 50 most probable HVS candidates. Right: Same as in the

left, but in the Astrometric HRD-diagram.
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Figure 3.15: Left: HR-Diagram for the top 230 most probable HVS candidates. Right: Same as in

the left, but in the Astrometric HR-Diagram.



Chapter 4

Discussion

We have demonstrated that we could detect HVS candidates within a large astrometric cata-
logue, provided we have sufficiently accurate astrometric data. Using three major tests, we try
to reject as many stars as possible and produce an observing list that can be followed-up by
more thorough observations. As a first test, we checked whether the proper motion of a given
star is consistent with the kinematical model of a HVS. This consistency test is manifested in
Equation where we impose 30 as the limit. The second test is to check whether the Galac-
tocentric velocity (Equation is high enough for the star to be considered a HVS. The final
test is whether its position in the H-R Diagram is plausible. To do this we compare our HVS
candidates with the “good” stars in the Hipparcos Catalogue, as defined in Section Several
additional rejection criteria are also imposed: Stars with small tangential components as well as

any stars with an observed radial velocity that is inconsistent with the predicted one.

The first and second test manage to reject most stars in Hipparcos. 5020 stars were selected
this way. The fact that the kinematical model of HVS is not correct for the vast majority of
stars within Hipparcos indicate the extreme scarcity of HVS within the solar neighbourhood,
which is already expected. Imposing a loose selection of (|z| < 3.0) N (w, > 0) combined
with a tighter criterion (Jugp| > 1000 km s~!) is actually effective in rejecting nearby stars
for which we are quite sure that there are no HVS. In fact, this selection brings us straight
to the edge of Hipparcos' detection sphere where low accuracies and indeterminacy dominate.
Applying the aforementioned additional criteria manage to reject more stars and we have 3645
candidates. These candidates have a mean magnitude of (V') ~ 9. and mean observed parallax
of (wops) >~ 2.3 mas or (weps) =~ 2.7 mas if we exclude candidates with weps < 0. This is beyond

the completeness limit of Hipparcos and took us to areas beyond ~ 400 pc from The Sun. If we

33
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assume that the computed parallax is the correct distance indicator, the mean distance would be
even farther at ~ 7.7 kpc from The Sun. We haven’t actually exclude candidates moving toward
the GC, because in itself stars moving toward the GC at extremely high velocity also merit an
investigation and explanation. Equation [2.5| preserves the direction of the HVS’ movement, and
should we choose to exclude all these stars with (vgr < 0), then there are 1453 stars to exclude,

which leaves us a total of 2192 stars or 1.85% of the total sample.

So far, the first and second test and the additional criteria are actually still not efficient
enough. The 3645 HVS candidates is 3.1% of the total sample considered (118 218 stars in
Hipparcos), although this ratio is small but it is still too big because the expected ratio of HVSs
to stars within the solar circle is 107%%. If we have ~ 10° stars in our hand and we “only”
manage to reject 96.9% of it, then we still have ~ 3.0 x 107 stars to sort out! It is clear that we

need to develop a more efficient rejection strategy.

By looking at the quantity z that we used as an early criteria, we could see that z is

2

obs T 02)1/2, which in turned are connected to the

largely determined by the resultant error (o
measurement errors of parallax and the proper motion components. Note that low values in z
doesn’t always mean a high confidence in the candidate because low z could also mean small
differences in both the parallax but a high measurement error either in the observed parallax,
in the proper motion components, or both. If we look at the table of top 50 HVS candidates in
Appendix [C] there are still large differences between the observed parallax and the computed
one. This is largely due to the large measurement error in the observed parallax. Using a more
accurate proper motion catalogue, e.g. Tycho-2 (Hgg et al. 2000) or the All-sky Compiled
Catalogue of 2.5 (ASCC-2.5) million stars (Kharchenko, 2001) might not help much because the
resultant error is dominated by the errors in parallax measurement. The histogram in Figure
tells us that the mean computed parallax of the sample is 0.08 mas, which is beyond the
measuring capability of Hipparcos which has a median parallax accuracy ~ 1 mas. We simply
need a better parallax measurement if we want to use this technique, and since we have already
used the best one available to date then we simply have to wait for the availability of Gaia or
any other that surpasses Hipparcos’ mean accuracy in parallax measurement. We are, however,
going to face the same problem at the frontiers of Gaia’s detection limit. Suffice to say that
the first test works efficiently for stars with high astrometric accuracy, but it is problematic for
stars with large errors.

The second test, Equation [2.5] is sensitive to the parallax, and in computing this value we

adopt the computed parallax as the distance indicator. The accuracy of this test then depends
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on the accuracy of the computed parallax which in turn depends on the accuracy of the proper

motion measurements.

The Hipparcos Catalogue lose its accuracy for faint and faraway stars, a condition we will
encounter in the future Gaia mission. We then have to resort to a more speculative methods.
Our final test, the probability estimate in the H-R Diagram, is devised because we assume that
HVS is still a physically normal star although their kinematics is radically different. Hence the
usage of a sample of “good” and well-behaved stars from Hipparcos to determine whether the
candidates are a physically normal star. If we believe that the computed parallax is correct,
which we subsequently use to determine each candidate’s luminosity, then we could see that
the most plausible candidates are the ones that don’t stray too far from the H-R Diagram.
This procedure, of course, is sensitive to the computed parallax accuracy and the sample of
“good” stars that are used. We use two different subsample of “good” stars in this work to
see the sensitivity of the ranking to the subsample, the first is a simple 10% parallax relative
error cutoff and the second is the magnitude-limited subsample (05/w < 0.1) N (V < 7.3).
The ranking of the candidates from 1 to 9 are the same for both subsample, while the rest just
shift up or down several rank, surprisingly this method is not sensitive to the accuracy of the
representative H-R Diagram. However, this method could still be improved if we could produce

a representative H-R Diagram for the stellar content within the central parsecs of the Galaxy.

The three test relies mostly on the accuracy of the parallax measurement, so a more reliable
distance indicator could replace poorly measured parallax, and photometric distance can be
a possible replacement. Gaia will also conduct a multi-band photometry for all stars, which
will make the photometric distance indicator be very well-calibrated by using Gaia stars with
excellent parallax. Since errors in parallax measurement will be replaced by errors in photometric
distance which depends on the errors in photometry, then it is necessary to study how the errors
in photometric measurement propagate to the photometric distance.

Another rejection strategy that we could use is a colour selection, but is it an effective
criterion? Looking at the fact that most of the currently known HVS are bright early type
stars (Brown et al. 2006b) that are presumably young, we must remember that these stars
were discovered serendipitously in a pre-targeted survey and the subsequent search is also a
targeted search in a tight group of certain stellar type. Although the majority of stars in the
Galactic Center might be early type stars, we must not restrict our search only to a certain colour
index of star if we remember that at present we still haven’t got a complete knowledge on the

stellar content of the GC. For simplicity, if we assume that the stellar content within the GC is
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Figure 4.1: The colour distribution of HVS candidates (blue line), compared with the colour distri-
bution of all stars in Hipparcos (red line). The vertical axis are the probability per bin size, set at 0.05

mag.

approximately the same as in the solar neighbourhood, old-population and late type HVS might
even be more common than the earlier-type HVS. Using samples from Hipparcos, Kollmeier
& Gould (2007) find that turnoff stars (defined as stars having having absolute magnitude
0.35 < My < 4.5 and near-turnoff colour 0.3 < By — Vp < 0.8, where the subscript T' denotes
the passband used by Tycho, Hipparcos' star mapper) are ~ 67 times more common than B
stars, and hypothesised that there could be 1 turnoff HVS in every 10 deg? of the sky. Looking
at the colour distribution of the HVS candidates in Figure and comparing it with the colour
distribution of all Hipparcos stars, so far the developed criteria also didn’t produce any selection
to particular colour and in fact the colour distribution of the HVS candidates approximately
mirrored the colour distribution of all Hipparcos stars. Kollmeier & Gould (2007) also argued
that old HVS should also be abundant if HVS are typical of bulge stars. Any criterion based on

colour selection then should be based on our best knowledge of the stellar content in the GC.

The list produced from this work in Appendix [C] has been followed-up by direct observa-
tions. Spectra of 7 HVS candidates were obtained on the night of 2007 May 5-6 with the EEV10
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camera on the Intermediate Dispersion Spectrograph (IDS) mounted on the 2.5m Isaac Newton
Telescope (INT) at Observatorio del Roque de los Muchachos, La Palma, Canary Islands. The
H1800V holographic grating was used, it has an 1800 lines mm~! grating, 23.2 A mm~! disper-
sion, the central wavelength is selected to be at 4750 A, with the resolving power R = 8000. A
cross-correlation of the arcs found that the spectrograph has a variation of zero point by less
than ~ 10km s~!, and the cross correlation signal between G and K stars give velocity precision
to the order of 1 km s~!. HIP 38984 (No. 31 in the list), 40979 (No. 6), 49857 (No. 29),
57725 (No. 42), 61831 (No. 12), 64945 (No. 2), and 73607 (No. 16) were all observed by
cross-correlating them with a normal reference star. All were found to be ordinarily moving
stars and do not have the extremely high radial velocity as predicted by the kinematical model
(Column 15 on the table in Appendix|C]) (Le Poole, private communication). The radial velocity
precision at the level of IDS is enough to confirm HVS candidates, since most of the candidates
have out of ordinary predicted radial velocity thus it will be easy to identify them. Exceptions
to this are several stars with small velocity components in their line of sights, i.e. HIP 60553
(No. 5) or HIP 117891 (No. 9). But even for these apparently-slow moving stars, the precision
is enough.

Is there a success parameter for this kind of study? Assuming that a fraction of 107% HVS
among the number of stars in the Galaxy is correct there should be no HVS within Hipparcos
detection sphere and we aren’t expecting that even one of the top 230 stars in our list will
turned out to be genuine HVS. This work is just a preliminary study to test whether the
technique actually works. One of the problem in this early phase is that we don’t know whether
there are any HVSs within Hipparcos’ detection sphere so a probability estimate of succesfully
finding HV'Ss is impossible. For the next phase, a realistic simulation of the Gaia catalogue with
realistic errors, combined with several models of HVS ejection mechanism from the GC will be

needed to explore more efficient rejection strategy.
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Appendix A

Coordinate Transform

The position of all stars in Hipparcos is described in the equatorial coordinate system of («, ),
where « is the right ascension and ¢ is the declination of the star. To put the stars in the
context of the structure and dynamics of our Galaxy, it is much more useful to put the stars
in a Galactic coordinate system. The Galactic equator is the great circle chosen to be an
approximate to the plane of the Milky Way. The plane is inclined at angle of 62.87° to the
plane of the celestial equator. The North Galactic Pole (NGP) is located at (angp,dngp) =
(192.859 48°,27.128 25°) ~ (12B51™, 4-27°7.7"). The galactic longitude [ is measured with respect
to the direction to the Galactic Center. The direction to the Galactic Center is then [ = 0°,
b = 0°, which corresponds to (acc,dac) = (266.405°, —28.936°) ~ (17745.6™, —28°56.2'). Both
coordinates for the North Galactic Pole and the Galactic Center are for epoch 2000. The
coordinate (I,b) = (0,0) is also defined by the galactic longitude of the ascending node of the
galactic plane on the ICRS celestial equator, which is taken to be lq = 32.932 92°.

Figure describe the relation between the two coordinate systems. The transform
between these two systems, i.e. to transform the coordinates of an arbitrary star from («,d) to

(1,b), we first define a direction cosine to the star written in terms of equatorial and galactic

coordinates:
TE COS (¢ COS 0
r = yg | = | sinacosd
ZE sin o
TG coslcosb
= yg | = | sinlcosbd |, (A1)
2G sinb
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44 A Coordinate Transform

A0
r‘uﬁ

(a) The Galactic and Equatorial coordinate systems (b) Transformation of proper motions from the Equa-
torial to the Galactic coordinate system
Figure A.1: (a) An arbitrary star described in the Galactic (I,b) and the Equatorial («, d) coordinate
systems. NCP is the North Celestial Pole and SCP is the South Celestial Pole. The blue-colored plane
is the plane of the celestial equator, while the red-colored plane the plane of the Galactic equator. 33° is
approximately the distance from the direction to the Galactic Center (I,b) = (0,0) to the ascending node.
NGP and SGP are the North Galactic Pole and the South Galactic Pole, respectively. (b) Transformation
of proper motion components (pq«, ft5) in the (a, §) axis (blue-colored axis) into (., pp) by summation

of the projection of (fiq«, pt5) to the I and b axis (green-colored axis).

where (xp,yg, zg) is the Cartesian components of the equatorial system. g is the component
in the direction of (a,d) = (0,0), yg is in the direction of («,d) = (90°,0), and zg is in the
direction of § = +90°. On the other hand, (zg,yq, 2¢) is the Cartesian components of the
Galactic coordinate system. =z is the component in the direction of the Galactic Center or
(I,b) = (0,0), yg is in the direction of the Galactic Rotation (I,b) = (90°,0), and the zg
component is to the direction of the North Galactic Pole or b = 490°. The transformation from

the Equatorial to Galactic system is given by the relation

el TR
yo | =Ac | yp | (A.2)
G ZE

where the matrix Ag is the 3 x 3 matrix that rotates the Cartesian reference frame in the
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Equatorial system to the Galactic system reference frame. To 10 decimal places, it is

—0.054 875 5604 —0.873 437 0902 —0.483 835 0155
Ag = | 40.494 109 4279 —0.444 829 6300 +0.746 982 2445 (A.3)
—0.867 666 1490 —0.198 076 3734 -+0.455 983 7762

For the transformation of the proper motion components, it is important to remember that
the Equatorial and Galactic coordinate system have the same origin. The two axis is inclined
by the angle v, called the parallactic angle and is an angle between the North Galactic Pole,
the star’s position, and the North Celestial Pole. The transformation of (s, ts) into (ug, )

is done by projecting the proper motion components (fqx, its) into the I and b axes so that we

obtain the relations between (ps, tp) and (fias, s) (Figure [A.1(b)):
[ix = [hax COS O COS Y + g Sin Mh = —[hax COS 0 Sin Y + ps cos, (A.4)
with parallactic angle ¢ takes the form

cosbcosy = sindngp cosd — cosdngp sind cos(a — angp)

cosbsiny = sin(a — anxgp) cos INgp

Equation can arranged into the matrix form

N cos sin *
122 _ (0 (0 Ha ( A 5)
Lp —siny cosy s
Moo — ] Hax (AG)
2z s

The 2 x 2 rotation matrix is a Jacobian that will be useful for further calculations.

Now, to describe the position and motion of stars relative to the Sun, let us first define
a right-handed Cartesian frame of reference with the Sun at the orig‘in. X is the unit vector
pointing to the direction of the Galactic Center (I = 0°,b = 0° in the Galactic Coordinate
system), ¥ points to the direction of Galactic rotation (I = +90°,b = 0°), and Z points to the
direction of Galactic Pole (b = +90°). Having done with the coordinate transformation, we now
define the position of all stars in (I, b) coordinates. I is the unit vector pointing from the Sun to
the star, also called the line of sight vector, p is perpendicular to r and points to the direction
of increasing [ along the small circle at b, and q is also perpendicular to r and points to the
direction of increasing b along the great circle centered at the Sun and passes through (I,b).

These vectors then form the normal triads p, q, and r, where p=q X r and q =r X p.
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Knowing this definition of (x,y,%) and (p, q,T), we can now construct the relation between

them. First of all, r is related to (x,y,2) by
r=xcoslcosb+ ysinlcosb+ zsinb; (A.7)

and p is related to (x,¥,z) by

P = —xsinl + y cosl, (A.8)
and finally:
q = —x%xcoslsinb— ysinlsinb + zcosb. (A.9)

It is very useful to collect all these three equations into one single matrix relating (p, q,r)

with (X,y,2):
9] —sinl cosl 0 X
q | = | —coslsinb —sinlsinb cosb y (A.10)
r coslcosb  sinlcosb sinb Z

This is an orthogonal matrix, which means that its inverse is its transpose. Thus we have

X —sginl —coslsinb coslcosb P
y | = cosl —sinlsinb sinlcosb q (A.11)
Z 0 cosb sinb r



Appendix B

The Propagation of Errors

The propagation of error equation is the computation of error of a variable x which is a function

of a variable of more, u, v, ..., each with their own standard deviation o, oy, .. .:
x = f(u,v,...). (B.1)
Although it is not too exact, but the the most probable value of x is given by
z = f(u,7,...). (B.2)

In the limit of finite measurements, the variance of x is given by

2 - 1 —\2
oy = lim NZ(fnl—x) , (B.3)

N—oo ‘
1=1
and the deviation of (x; —) is related to the forming variables by expanding (z; —T) to a Taylor

series:

(x; — T) =~ (u; — ) (gi) + (v; — D) <gi) +... (B.4)

By combining Equation and we can state the variance of o2 as a function of 02,02, . ..

of variables 1, v, ..
2~ Jm LY [(ui—u) (gi) + (v —7) (g‘D +...r
Jim Jb 3 [(ul- _g)? (gi)Q + (vi — ) (‘;jj)Q b
+2(ui — @) (vi — ) (gz) (gi) +o } (B.5)

. . . 2 2 . .
We can state the second line in variance o, and o; as in Equation

2 . 1 & —\2 2 : 1 & 2
o, = lim [N Z(Uz — ) ] o, = lim lN Z(UZ —7) ] (B.6)

N—oo i=1 N—o0 i=1

2
g
|
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while the third line is the covariance o2, defined as
1N
o2, = lim [N Z(Uz —u)(v; — v)} . (B.7)
i=1

With these definitions, the approach for the standard deviation o, for  become

oz \ 2 o\ ? ozx\ [ Ox
2. 2(0% 2 (0% 2 (0T (O
oL~ o, <8u> + oy (82}) +...4+20%, (8u> ((‘)v). (B.8)

This the equation for the propagation of errors. The first two part in this equation is the variance
weighted by the partial differentiation of the variable, while the third part is the multiplication of
the deviation u and v, weighted by their own respective partial differentiation. If fluctuations in
the measurements of u and v do not have any correlation, then we can expect this part vanishes

to zero. This approach is sometimes acceptable so that Equation become

oz \? ox\?
2 . 2 2
oSl <8u> + o (82}) +... (B.9)

Whenever the covariance is available, this work uses Equation to compute the error.

Otherwise Equation is used.



Appendix C

The top 50 HVS Candidates

Col. Description

1 The candidate’s rank.
2 HIP Number from the Hipparcos Catalogue.
3—4 Position in Galactic Coordinates [ and b.
5-6 Apparent magnitude in V-band and the Colour Index, both taken from Hipparcos.
7 Absolute magnitude in V-band, calculated using computed parallax w. and neglect-
ing absorption of the interstellar matter.
8 Astrometry-Based Luminosity (ABL), calculated from Equation
9 Observed parallax in miliarcsecond, taken from Hipparcos.
10 Computed parallax in miliarcsecond, calculated from Equation
11 The z-statistics, calculated from Equation
12-13 Proper motion in Galactic Coordinates, transformed from proper motion in Equa-
torial Coordinates, along with their errors.
14 Galactocentric rest-frame Velocity, in 10% km s™!, calculated from Equation
15 Predicted heliocentric radial velocity, in 10% km s™!, calculated from Equation
16 The density of “good” Hipparcos stars within the candidate’s error rectangle, calcu-
lated from Equation

17 The probability of the candidate being a “good” star. Calculated from Equation

@.
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C The top 50 HVS Candidates

50

No HIP l b v B-V My ay TWobs We z Ll s URF VR p P
°© °  mag mag mag mag mas mas mas yr—! mas yr—! 103 km s7! 10% km s™'  mag—2

1 36175 281.7 -22.5 10.52 1.09+ 0.12 1.09 1.65+ 0.57 10.50+ 6.99 1.30+ 045 1.31 276.95+ 7.62 4427+ 7.77 -1.07+ 0.41 0.31+ 0.08 3363.3 0.093

2 64945 326.8 73.2 9.20 0.17+£0.01 -5.72 0.07£ 0.01 1.20+ 1.40 0.10+ 0.01  0.78 -14.30+ 0.88 12.23+ 1.02 1.10+ 0.15 0.77+£ 0.03 2770.6 0.077

3 44914 262.1 6.6 11.09 1.10+ 0.01 1.41 1.92+ 1.07 15.80+ 5.74 1.16+ 0.65 2.53  -274.95+ 4.45 -12.57+ 4.54 1.184+ 0.68 0.50+ 0.09 2250.6 0.063

4 62749 3029 17.6 10.85 1.204+ 0.06 -0.12 0.95+ 0.24 13.02+ 5.31 0.64+ 0.16 2.33  -212.36+ 3.80 29.70+ 2.95 1.584+ 0.37 -0.40+ 0.21  1504.3 0.042

5 60553 301.2 -12.3 10.51 1.024+0.02 -2.58 0.30+ 1.69 41.37+ 1745 0.244+ 1.34 2.35 -238.66+ 19.52  -28.21+ 14.35 4.62+ 29.49 0.09+ 17.27 1433.2 0.040

6 40979 177.2 342 9.09 0.17+£0.01 -5.25 0.09£ 0.01 3.81+ 1.33 0.14+ 0.02 2.76 7.59+ 0.99 -13.14+ 1.77 1.444 2.80 1.37+ 1.30 1198.3 0.033

7 106299 46.5 -38.6 11.86 0.89+ 0.01 -0.04 0.98+ 0.14 9.65+ 3.87 0.424+ 0.06 2.39 -113.17+ 3.54 49.47+ 2.96 -1.3840.14 0.27+ 0.09 1072.9 0.030

8 4327 1239 -32.2  7.81 0.17£0.02 -5.96 0.06+ 0.02 597+ 1.97 0.184+ 0.04 2.94 26.70+ 2.50 3.96+ 1.16 1.014+ 0.36 0.65+ 0.12 1036.1 0.029

9 117891 63.2 -74.4 10.25 0.82+ 0.01 0.28 1.14+ 0.04 8.49+ 2.64 1.02+ 0.04 2.83 -220.68+ 2.19 54.884+ 2.16 -1.04+ 0.04 -0.04+ 0.00 938.0 0.026
10 66125 305.2 -14.9 931 0.91+£0.02 -1.54 0.49+ 240 52.09+ 39.91 0.68+ 3.30 1.28 -365.22+ 47.65  -57.22+ 46.37 2.72+ 16.26 -0.97+9.92 8482 0.024
11 89793 318.7 -24.2 11.40 1.08% 0.19 1.84 2.33+ 0.18 8.64+ 2.64 1.23+0.09 2.81 -306.37+ 2.50 -108.71+ 2.49 1.43+ 0.17 -0.77£ 0.13  737.8 0.021
12 61831 1248 51.9 891 0.14+0.02 -5.30 0.09+ 0.02 2.60+ 0.88 0.14+ 0.03 2.79 -20.22+ 0.86 17.50+ 1.03 -1.46+ 0.09 -1.26+ 0.02  727.6 0.020
13 32277 1751 16.0 9.78 1.26+ 0.08 1.38 1.89+0.99  29.13+ 49.92 2.09+ 1.09 0.54 38.03+ 45.86  193.07+ 69.50 -1.70+ 4.07 -1.64+ 3.70  631.1 0.018
14 64620 306.0 4.4 1097 0.10+£0.10 -858 0.02£ 5.22  16.35+ 27.02 0.01+ 3.34 0.60 -15.63+ 22.66 0.80+ 19.94 65.33+ 17209.30 65.24+ 1102.24  594.6 0.017
15 65968 308.4 52 11.01 1.17+0.17 -4.72 0.11+ 3.16 6.50+ 10.18 0.07£ 1.99 0.62 12.90+ 19.61 -1.41+ 13.75 -1.66+ 35.05 -1.15+ 16.69  542.7 0.015
16 73607 23.4 585 11.27 1.01£0.02 -1.30 0.55+ 0.12 8.82+ 3.21 0.31£ 0.07 2.65 -132.93+ 2.83  -230.98+ 3.45 -4.13+ 2.72 0.39+ 148 524.8 0.015
17 13940 171.1 -44.9 12.10 1.21+ 0.02 1.49 1.99+ 0.25 947+ 4.88 0.76+ 0.10 1.79 13.47+ 4.80  -103.59+ 5.33 -1.00+ 0.61 -0.78+ 0.38  498.5 0.014
18 21222 2133 -379 10.88 1.37+0.00 -2.23 0.36+ 1.11  26.614+ 19.70 0.24+ 0.74 1.34  171.39+ 24.49 -147.93+ 20.23 -8.08+ 3.95 -6.66+ 1.89 4972 0.014
19 114090 26.0 -66.7 10.30 0.63+ 0.01 -3.88 0.17+ 0.03 1.28+ 1.89 0.154+ 0.03  0.60 21.39+ 1.83 -54.83+ 1.82 2.11+ 0.56 0.88+ 0.19  486.9 0.014
20 30950 177.7 11.8 855 0.17+0.04 -4.19 0.15+ 0.02 -0.02+ 1.70 0.284+ 0.03 -0.18 15.60+ 1.28 -11.03+ 1.73 1.22+ 1.27 1.214+ 0.88  457.3 0.013
21 3298 110.8 -79.2 11.14 0.884+ 0.01 1.38 1.89+ 0.08 777+ 292 1.12+ 0.05 2.28 272.96+ 3.32 46.10+ 1.80 1.16+ 0.06 0.17+£ 0.00  429.5 0.012
22 11004 141.7 -21.0 8.11 0.15+0.01 -6.45 0.05+ 0.04 4.05+ 248 0.12+ 0.10 1.58 20.77+ 2.31 5.91+ 2.85 1.83+ 2.41 1.584 0.97  417.1 0.012
23 35516 162.3 259 883 0.17+0.02 -3.95 0.16% 0.09 10.56+ 6.70 0.28+ 0.16  1.53 28.60+ 5.54 -20.51+ 8.09 1.234+ 0.84 1.084 0.52  277.4 0.008
24 7454 1424 -54.8 12.13 1.17£0.02 -1.40 0.53+ 0.14 10.69+ 3.76  0.20+ 0.05 2.79 -13.85+ 4.04 -27.41+ 3.87 -1.17+ 0.65 -0.96+ 0.22  276.8 0.008
25 19132 162.6 -13.3 10.21 0.16+=0.01 -6.95 0.04+ 0.06 5.06+ 1.93 0.04+ 0.06 2.60 -2.50+ 1.81 -3.244+ 2.14 -7.43+ 15.99 -7.45+ 3.61 2734 0.008
26 17653 247.6 -51.4 9.74 1.16+ 0.04 -4.51 0.13£ 0.02 1.63+ 1.13 0.14+£ 0.03 1.32 -24.40+ 1.18 13.39+£ 0.99 1.40+ 0.14 1.17+ 0.02 240.8 0.007
27 20968 228.7 -42.2 11.42 0.65+ 0.10 1.51 2.01+ 2.65 120.70+ 56.47 1.04+ 1.38 2.12  265.68+ 61.60 -113.89+ 44.28 -1.50+ 1.37 -0.72+ 0.63  240.6 0.007
28 21603 248.0 -41.9 10.51 0.18+ 0.02 -7.15  0.04+£ 0.05 3.33+ 1.24 0.03+ 0.04 2.66 -5.25+ 1.31 2.39+ 1.29 4.35+ 3.38 4.41+ 0.22 237.5 0.007
29 49857 240.2 43,5 9.02 1.25+0.06 -4.73 0.11£ 0.02 3.52+ 1.28 0.184+ 0.03 2.61 37.97+ 1.17 8.04+ 1.15 -1.45+ 0.31 -0.93+ 0.08  223.9 0.006
30 18971 1624 -13.8 10.38 0.204+ 0.01  -5.08 0.10+ 0.08 1.68+ 2.07 0.08%+ 0.07 0.77 9.17+ 1.59 3.74+ 2.52 2.55+ 5.05 246+ 1.95 214.6 0.006
31 38984 176.1 30.1 10.14 0.76+ 0.05 -1.28 0.55+ 0.04 2.93+ 1.88 0.52+ 0.04 1.28 37.60+ 1.88 -93.97+ 2.21 2.05+ 0.85 1.85+ 0.61  207.5 0.006
32 93961 11.2 -14.9 12.05 0.96+ 0.02 -1.61 0.48+ 0.19 3.71+ 3.76  0.19+ 0.07 0.94 8.50+ 2.91 -22.97+ 3.93 1.01+ 0.44 -0.76+ 0.94  199.2 0.006
33 35364 1829 204 9.95 0.36+ 0.08 -2.95 0.26% 0.03 0.17+ 1.90 0.26+ 0.03 -0.05 9.50+ 1.68 -21.03+ 2.21 1.50+ 1.60 1.47+ 1.05  185.8 0.005
34 11227 168.2 -56.2  9.10 0.62+ 0.03  -3.48 0.20% 0.04 5.244+ 4.03 0.31+ 0.07 1.22 30.97+ 3.33 63.86+ 5.04 1.58+ 2.06 1.16+ 0.90  181.5 0.005
35 28799 159.7 152  9.33 0.16+=0.04 -6.92 0.04+ 0.04 -1.24+ 1.34 0.06+ 0.05 -0.97 12.314+ 0.96 -6.79+ 1.42 7.20+ 3.95 7.07+ 1.18 178.1 0.005
36 14243 1443 -8.6 9.42 0.19+0.04 -6.03 0.06% 0.07 3.224+ 144 0.08+ 0.10 2.17 7.95+ 1.11 0.54+ 1.32 1.09+ 2.39 0.93+ 0.83  176.5 0.005
37 40721 249.8 3.0 11.71 0.09£ 0.01 -4.41 0.13£0.95 4.63+ 2.65 0.06+ 0.43 1.70 -5.91+ 2.10 -0.36+ 1.79 1.43+ 9.62 1.54+ 1.33  175.7 0.005
38 51162 199.7 583 10.37 0.86+ 0.06 -1.10 0.60+ 0.18 -10.51+ 13.42 0.51+ 0.16 -0.82 -10.25+ 9.09  -85.77+ 12.35 1.02+ 1.04 0.69+ 0.45  169.7 0.005
39 23227 184.3 -154  9.32 0.8840.04 -1.87 0.42+ 0.04 9.76+ 3.47 0.584+ 0.05 2.65 17.87+ 2.14 33.43+ 3.25 1.23+ 0.82 1.23+ 0.66  168.0 0.005
40 41663 208.5 289 11.47 1.18+0.02 -2.29 0.35+ 0.15 6.17+ 344 0.18+ 0.08 1.74 -6.184+ 2.78 -14.24+ 4.18 1.184+ 0.90 1.17+ 0.44  165.0 0.005
41 109619 923 -13.8 11.81 1.50+ 0.51 -3.45 0.20+ 0.74 1.35+ 3.40 0.09+ 0.32 0.37 -11.00+ 3.16 -1.254+ 4.12 -1.02+ 4.03 -1.04+ 0.10  164.1 0.005
42 57725 143.0 62.1 11.98 0.17£0.02 -4.01 0.16+0.14 4.31+ 3.07 0.06+ 0.06 1.38 6.72+ 2.35 -3.50+ 2.24 1.274+ 1.30 1.114+£ 0.20  161.7 0.004
43 42205 221.8 25.1 943 1.17£0.05 -4.68 0.12+ 0.03 2.96+ 1.54 0.154+ 0.04 1.82 -9.354+ 1.24 -9.19+ 1.41 1.124+ 0.42 1.144+ 0.17  159.1 0.004
44 41857 169.4 36.3 10.55 0.40+ 0.07 -2.74 0.284+ 0.04 3.91+ 1.96 0.224+0.03 1.88 16.96+ 1.50 -20.36+ 2.79 1.144+ 0.55 1.00+ 0.30  155.8 0.004
45 5254 300.8 -48.5 10.92 1.09+0.09 -2.64 0.30% 0.57 1.05+ 12.73 0.19+ 0.37 0.07 -66.25+ 13.77  -21.70+ 14.47 1.70+ 4.75 0.60+ 1.64  154.3 0.004
46 110026 101.7 -19 8.68 0.17+0.01 -10.23 0.01+ 0.11 1.484+ 0.80 0.02+ 0.20 1.77 -5.02+ 0.63 -0.09+ 0.62  -11.314+ 134.21 -11.43+ 3.81 153.0 0.004
47 22536 177.0 -12.8  9.90 0.60+ 0.06 -3.96 0.16+ 0.03 5.83+ 242 0.17+ 0.03 2.34 5.51+ 1.49 -10.82+ 1.78 -2.27+ 2.26 -2.25+ 1.31 149.1 0.004
48 13138 1323 103  9.40 0.16+£ 0.02 -7.95 0.03+ 0.07 0.82+ 1.13 0.03+ 0.10 0.69 -1.89+ 0.92 0.65+ 1.01 -2.41+ 3.06 -2.53+ 0.48  146.8 0.004
49 118095 101.5 -50.9 11.71 1.66+ 0.01 -3.48 0.20+ 0.12 -0.72+ 3.24  0.09+ 0.05 -0.25 -10.24+ 3.77 -5.15+ 2.10 -1.03+ 0.90 -0.97+£ 0.07  143.5 0.004
50 43926 2523 11.6 9.36 0.16+ 0.03 -7.47 0.03+ 0.05 1.47+ 1.27 0.04+ 0.07 1.12 -4.86+ 0.87 -0.81+ 0.79 1.99+ 3.37 2.11+ 0.32  143.3 0.004
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