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Περὶληψη

Τα διπλὰ συστὴματα εκπομπὴς ακτὶνων Χ μεγὰλης μὰζας (ΔΣΕΧΜΜ) εὶναι μια φὰση

μὸνο στη ζωὴ μερικὼν διπλὼν αστρικὼν συστημὰτων, τα οποὶα αποτελοὺνται απὸ ὲνα

αστρικὸ υπὸλειμμα (μαὺρη τρὺπα ὴ αστὲρας νετρονὶων) και ὲνα συνοδὸ μεγὰλης μὰζας

(ὲνα νεαρὸ ὰστρο φασματικοὺ τὺπου ΟΒ). Το ΟΒ ὰστρο που κυριαρχεὶ στο οπτικὸ

μὲρος του φὰσματος, χὰνει ὺλη εὶτε μὲσω δυνατὼν ανὲμων και/ὴ μὲσω του λοβοὺ Ro-
che στα συστὴματα με υπεργὶγαντα ὰστρο-δὸτη ὴ μὲσω ενὸς ισημερινοὺ δὶσκου εκροὴς
σε συστὴματα με ὰστρο-δὸτη τὺπου Be (Be-ΔΣΕΧΜΜ). Η απελευθὲρωση βαρυτικὴς
ενὲργειας κατὰ την πτὼση της ὺλης πὰνω στο αστρικὸ υπὸλειμμα παρὰγει τις ακτὶνες Χ.

Η μελὲτη των ΔΣΕΧΜΜ μας προσφὲρει πολὺτιμες πληροφορὶες σχετικὰ με την εξὲλιξη

των ὰστρων μεγὰλης μὰζας, τις τελικὲς τους καταστὰσεις, και τη συμπεριφορὰ της ὺλης

υπὸ ακραὶες συνθὴκες.

Το Μικρὸ Νὲφος του Μαγγελὰνου (ΜΝΜ) εὶναι ὲνα εξαιρετικὸ εργαστὴριο παρα-

γωγὴς ΔΣΕΧΜΜ. Λὸγω της εγγὺτητὰς του μποροὺμε να παρατηρὴσουμε μεμονωμὲνα

ὰστρα στο ΜΝΜ και τα παρατηρητὴρια ακτὶνων Χ (Chandra, XMM-Newton) μποροὺν συ-
στηματικὰ να ανιχνεὺσουν πηγὲς ακτὶνων Χ με χαμηλὴ δραστηριὸτητα εκπομπὴς ακτὶνων

Χ, αποκαλὺπτοντας ὲνα μεγὰλο δεὶγμα του πληθυσμοὺ τους (περὶπου 100 συστὴματα).

Ωστὸσο, κλειδὶ για την κατανὸηση αυτὼν των πληθυσμὼν εὶναι ο χαρακτηρισμὸς του

ὰστρου-δὸτη τους, και η ταυτοποὶηση ὸσο περισσὸτερων πηγὼν εὶναι δυνατὸ, ειδικὰ ε-

κεὶνων με χαμηλὲς λαμπρὸτητες στις ακτὶνες Χ.

Για αυτὸ το λὸγο πραγματοποιὴσαμε μια φασματοσκοπικὴ ὲρευνα για την απὸκτηση

οπτικὼν φασμὰτων για ὲνα μεγὰλο αριθμὸ ΔΣΕΧΜΜ στο ΜΝΜ, που εὶχαν ανιχνευ-

τεὶ σε προηγοὺμενες ὲρευνες με τα παρατηρητὴρια Chandra και XMM-Newton, χρησι-
μοποιὼντας το φασματογρὰφο πολλαπλὼν ινὼν AAOmega/2dF στο Anglo-Australian
Telescope. Βρὴκαμε 5 νὲα Be-ΔΣΕΧΜΜ (συμπεριλαμβανουμὲνου ενὸς αντικειμὲνου με
κὰποια αβεβαιὸτητα), ταυτοποιὼντας το φασματικὸ τὺπο των αντὶστοιχων οπτικὼν πηγὼν

τους, και επιβεβαιὼσαμε την φασματικὴ ταξινὸμηση 15 γνωστὼν αντικειμὲνων. Συγ-

κρὶναμε τους φασματικοὺς τὺπους, τις τροχιακὲς περιὸδους, και τις εκκεντρὸτητες των

πληθυσμὼν Be-ΔΣΕΧΜΜ στο ΜΝΜ και στο Γαλαξὶα μας και βρὶσκουμε οριακὰ διαφορὰ
μεταξὺ των κατανομὼν για τους φασματικοὺς τὺπους, αλλὰ ὸχι στατιστικὰ σημαντικὲς

διαφορὲς για τις τροχιακὲς περιὸδους και τις εκκεντρὸτητες τους. Επιπρὸσθετα, η ὲρευνα

μας ανὲδειξε ὸτι ο γνωστὸς υπεργὶγαντας B[e] LHA 115-S 18 (ὴ AzV 154) συνδὲται με την
αμυδρὴ πηγὴ ακτὶνων Χ CXOU J005409.57-724143.5. Αποδεικνὺουμε ὸτι ο υπεργὶγαντας



LHA 115-S 18 εὶναι η αντὶστοιχη οπτικὴ πηγὴ της πηγὴς ακτὶνων Χ, και συζητὰμε την
προὲλευση της χαμηλὴς λαμπρὸτητας σε ακτὶνες Χ (Lx ∼ 4 × 1033 erg s−1) στα πλαὶσια
ενὸς ΔΣΕΧΜΜ με υπεργὶγαντα δὸτη σε περιβὰλλον με ὲντονη απορρὸφηση των ακτὶνων

Χ.

Για να αποφὺγουμε την υποκειμενικὸτητα στην φασματικὴ ταξινὸμηση των ὰστρων,

που βασὶζεται στην οπτικὴ επισκὸπηση των φασμὰτων, αναπτὺξαμε δὺο μεθὸδους στη-

ριζὸμενοι στην μὲτρηση του ισοδὺναμου πλὰτους των σημαντικὸτερων διαγνωστικὼν φα-

σματικὼν γραμμὼν, εστιὰζοντας σε πρὼτο επὶπεδο στα νεαρὰ ὰστρα (ΟΒ). Αναπτὺξαμε

δὺο διαφορετικὲς προσεγγὶσεις: (α) η προσὲγγιση Συνεχοὺς Προσαρμογὴς δὶνει το φασμα-

τικὸ τὺπο ενὸς ὰστρου απὸ την λὺση μια εξὶσωσης που περιλαμβὰνει τα ισοδὺναμα πλὰτη

διαφορετικὼν φασματικὼν γραμμὼν, και (β) ο Απλὸς Μπευζιανὸς Ταζινομητὴς που δὶνει

την πιθανὸτητα ὲνα φὰσμα να αντιστοιχεὶ σε ὲνα δεδομὲνο φασματικὸ τὺπο, βὰση της κα-

τανομὴς των ισοδὺναμων πλατὼν των διαγνωστικὼν γραμμὼν για ὰστρα διαφορετικὼν φα-

σματικὼν τὺπων. Η προσὲγγιση Συνεχοὺς Προσαρμογὴς δὶνει συμβατὰ αποτελὲσματα (με

σφὰλμα 2 φασματικὼν υπο-τὺπων) μεταξὺ των δειγμὰτων που χρησιμοποιὴσαμε (∼ 65%).
Ο Απλὸς Μπευζιανὸς Ταζινομητὴς ταξινομεὶ σωστὰ την πλειονὸτητα (∼ 70%) των νε-
αρὼν ὰστρων στα δεὶγματὰ μας, αλλὰ αποδὶδει πιο φτωχὰ αποτελὲσματα (∼ 40% επιτυχὶα)
για δεὶγματα που περιὲχουν ὰστρα με φασματικοὺς τὺπους πὲραν των νεαρὼν ΟΒ ὰστρων

(αποτὲλεσμα του περιορισμὲνου δεὶγματος εκπαὶδευσης).

Για να επεκτεὶνουμε το δεὶγμα των Be-ΔΣΕΧΜΜ αναζητὴσαμε πηγὲς με εκπομπὴ Ηα
αντὶστοιχες των πηγὼν ακτὶνων Χ που ανιχνεὺτηκαν στην ὲρευνα του XMM-Newton
στο ΜΝΜ (Sturm et al., 2013), χρησιμοποιὼντας την κὰμερα WFI στο τηλεσκὸπιο
MPG/ESO. Πραγματοποιὴσαμε φωτομετρικὲς παρατηρὴσεις στο φαρδὺ φὶλτρο R και στο
στενὸ φὶλτρο Ηα για 6 πεδὶα στο ΜΝΜ με πρὸσφατη αστρο-γὲννεση. Προσδιορὶσαμε

4747 πηγὲς με εκπομπὴ Ηα μὲχρι το φωτομετρικὸ ὸριο των 18.7mag (που αντιστοιχεὶ
σε ὰστρα τὺπου ∼Β8 της Κὺριας Ακολουθὶας). Αυτὴ εὶναι η βαθὺτερη ευρεὶα ὲρευνα
για ὰστρα με εκπομπὴ Ηα στο ΜΝΜ. Βρὶσκουμε ὸτι τα OBe ὰστρα αποτελοὺν το 13%
του συνολικοὺ πληθυσμοὺ των νεαρὼν ΟΒ ὰστρων στο ΜΝΜ μὲχρι το φωτομετρικὸ

ὸριο των 18.7mag. Διερευνὼντας αυτὸ το ποσοστὸ συναρτὴσει της λαμπρὸτητας των
ὰστρων συμπερὰνουμε ὸτι η εκπομπὴ Ηα μεγιστοποιεὶται για φασματικοὺς τὺπους Ο9-Β2.

Χρησιμοποιὼντας τον αριθμὸ των επιβεβαιωμὲνων και υποψὴφιων Be-ΔΣΕΧΜΜ, βὰση
του πιο πλὴρη καταλὸγου σημειακὼν πηγὼν ακτὶνων Χ στο ΜΝΜ (Sturm et al., 2013),
βρὶσκουμε το ποσοστὸ τους σε σχὲση με τον αριθμὸ των OBe ὰστρων μεταξὺ των τιμὼν
∼ 0.5 − 1.4 × 10−3 Be-ΔΣΕΧΜΜ/OBe, που αποτελεὶ μια απευθεὶας μὲτρηση του ρυθ-
μοὺ σχηματισμοὺ των Be-ΔΣΕΧΜΜ στο ΜΝΜ. Τὲλος, δὶνουμε τις αντὶστοιχες οπτικὲς
πηγὲς με εκπομπὴ Ηα για 8 υποψὴφια ΔΣΕΧΜΜ.
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Abstract

High-Mass X-ray Binaries (HMXBs) are a phase in the life of some binary stellar
systems that consist of a compact object (black hole or neutron star) and a massive
companion (an early OB-type star). The OB star that dominates in the optical band,
losses matter either through strong stellar winds and/or Roche-lobe overflow in the
case of systems with a supergiant donor star or through an equatorial decretion disk in
systems with a Be donor star (Be/X-ray Binaries;BeXRBs). The infall of this matter in
the strong gravitational field of the compact object powers the observed X-ray emission.
The study of HMXBs provides insights into the evolution of massive stars, their terminal
states, and the behavior of matter in extreme conditions.

The Small Magellanic Cloud (SMC) is a powerhouse of HMXB production. Due to
its proximity we can resolve its stellar population and the X-ray observatories (Chandra,
XMM-Newton) can routinely detect X-ray sources down to luminosities of low-activity
systems, providing a large sample of their population (almost 100 systems). However,
key for understanding these populations is the characterization of their donor star, and
the identification of as many sources as possible, specially in low X-ray luminosities.

For this reason we have performed a spectroscopic survey to obtain optical spectra
for a large number of SMC HMXBs identified in previous Chandra and XMM-Newton
surveys, using the AAOmega/2dF fiber-fed spectrograph at the Anglo-Australian Tele-
scope. We find 5 new BeXRBs (including a tentative one), by identifying the spectral
type of their optical counterparts, and we confirm the spectral classification of 15 known
BeXRBs. We compared the spectral types, orbital periods, and eccentricities of the
BeXRB populations in the SMC and the Milky Way and we find marginal evidence
for difference between the spectral type distributions, but no statistically significant
differences for the orbital periods and the eccentricities. Moreover, our search revealed
that the well known supergiant B[e] star LHA 115-S 18 (or AzV 154) is associated
with the weak X-ray source CXOU J005409.57-724143.5. We provide evidence that the
supergiant star LHA 115-S 18 is the optical counterpart of the X-ray source, and we
discuss the origin of its low X-ray luminosity (Lx ∼ 4× 1033 erg s−1), in the context of
an obscured supergiant X-ray binary.

In order to overcome the subjectivity in the spectral type classification of stars based
on the visual inspection of their spectra, we developed two diagnostic schemes based
on the measurement of the equivalent width of diagnostically important spectral lines,



focusing at this point, on early-type stars. We developed two different approaches: (a)
the Continuous Fit approach gives the spectral type of a star as the solution of an equa-
tion involving the equivalent widths of different spectral lines, and (b) a Naive Bayesian
Classifier gives the probability that a spectrum corresponds to a given spectral type,
based on the distribution of equivalent widths of diagnostic lines of stars of different
spectral types. The Continuous Fit approach provides consistent results (within an
error of 2 sub-spectral types) between the samples used (∼ 65%). The Naive Bayesian
Classifier correctly classifies the majority (∼ 70%) of early-type stars in our samples,
but it performs rather poorly (∼ 40% success rate) for samples with late-type stars (a
result of the limited training sample).

In order to extend our sample of BeXRBs we searched for Hα emitting counterparts
to X-ray sources detected in the XMM-Newton survey of the SMC (Sturm et al., 2013).
For this, we performed a narrow-band Hα survey of the SMC using the WFI camera at
the MPG/ESO telescope. We obtained broad-band R and narrow-band Hα photometry
for 6 fields in the SMC with recent star formation, located on the Bar and Wing
regions. We identified 4747 Hα emission sources down to a sensitivity limit of 18.7mag
(equivalent to ∼B8 type Main Sequence stars). This is the deepest wide area search for
emission-line stars in the SMC. We find that OBe stars are 13% of the total OB star
population in the SMC down to 18.7mag. By investigating this fraction as a function
of the brightness of the stars we deduce that Hα excess peaks at spectral range O9-B2.
Finally, using the number of confirmed and candidate BeXRBs, based on the most
complete census of X-ray point sources in the SMC up to date (Sturm et al., 2013), we
find their fraction with respect to the OBe stars to be in the range ∼ 0.5− 1.4× 10−3

BeXRB/OBe, a direct measurement of the formation rate of HMXBs in the SMC. We
also provide optical counterparts with Hα excess for 8 candidate HMXBs.

viii
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1
Introduction

1.1 Introducing X-ray binaries
It is almost 50 years ago that the first cosmic X-ray source was discovered. A rocket
launch in 1962 identified a source at the direction of the constellation Scorpius, a binary
stellar system named Scorpius X-1 (Giacconi et al., 1962). Since then, the advance of
X-ray astronomy and the advent of new satellites (e.g. Einstein, EXOSAT, RXTE,
Chandra, XMM-Newton) has increased dramatically the number of binaries discovered
and, moreover, new kinds of systems have been identified.

X-ray binaries consist of a stellar source and a compact object (Lewin et al., 1997).
Based on the nature of the compact object they can be divided into white-dwarf,
neutron-star or black-hole systems (Figure 1.1; after Reig 2011). The strong gravita-
tional potential of the compact object captures matter from the companion star and
creates an accretion disk, i.e. a stream of matter that loses energy as it spirals inward
towards the compact object (Carroll & Ostlie, 2006). Based on the nature of their
companion, they can be divided (Charles & Coe, 2006) in low-mass binaries (LMXBs,
with typical masses of . 1 M�), and high-mass binaries (with typical masses of & 10
M�). A population of systems with masses in between these values, referred to as
intermediate-mass binaries, is also expected. However, these systems are extremely
short-lived (∼1000 yr), and they do not correspond to a substantial percentage of the
X-ray binary population in general (Tauris & van den Heuvel, 2006).
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1. Introduction

Figure 1.1: The classification scheme of X-ray binaries (after Reig 2011).

Binaries that consist of a white dwarf and low-mass evolved star are referred to
as Cataclysmic Variables. Evolved low-mass companions with neutron stars or black
holes form the Low-Mass X-ray Binaries (LMXBs) class. Young high-mass companions
and neutron stars or black holes form the High-Mass X-ray Binaries (HMXBs) class.
The companion star, usually referred to as donor or optical counterpart, provides the
necessary material that accretes onto the compact object, and produces X-ray emission.
Studying binaries is absolutely essential to determine their nature. The distinct classes
of X-ray binaries exhibit different X-ray and optical properties due to the different
components of which they consist of. Therefore, their study provides important insights
of the physics of compact sources and accretion processes.

Moreover, X-ray binaries are fundamentally important to study stellar evolution.
Not all binaries can become X-ray emitting sources unless certain conditions are satis-
fied (e.g. masses of the progenitors, orbital properties, supernova aftermath). Studying
X-ray binaries helps to identify these conditions and obtain a more thorough under-
standing of how stellar evolutions works.
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1.2 Formation and evolution of HMXBs and
LMXBs
The HMXBs are actually a phase in the evolution of some massive binaries. In Figure
1.2 a schematic representation of the formation of a HMXB is demonstrated (after
Tauris & van den Heuvel 2006).

Initially, the binary consists of stars that enter the main-sequence with masses
over 8 M� (at Zero Age Main Sequence-ZAMS). The most massive one (primary) will
evolve faster and within a few Myrs will fill its Roche-lobe, transfer most of its mass
to its companion (secondary), and will explode as a supernova. If the explosion does
not destroy the binary, then the remaining compact object (usually a neutron star) will
remain gravitationally bound to the secondary in a wider and more eccentric orbit than
the initial one. Depending on the nature of the secondary (which has now become the
massive component of the system) the neutron star will accrete matter either through
the stellar wind or an equatorial decretion disk. The accretion onto the neutron star
leads to the production of X-rays and, thus, the system enters in the HMXB stage.

Gradually, angular-momentum loss decreases the orbital period, resulting in shorter
orbits. When the orbit shrinks inside the envelope of the evolved star, the binary enters
the common envelope phase. During this, short-lived (∼ 103 yr; Tauris & van den
Heuvel 2006), stage the neutron star spirals in, and its orbital energy is deposited to
the envelope. If the binary survives through this phase, i.e. there is enough energy to
eject the envelope before the compact object merges with the stellar core, the helium
core of the secondary evolves quickly to a second supernova explosion, leading to a
double neutron star system.

It should be evident from the above that there are many parameters that determine
the formation of HMXBs, making them a rather rare class of objects of high importance,
due to the many physical processes involved.

The LMXB evolution is different to the HMXB channel (Figure 1.3). In the LMXBs
the initial binary is composed by a massive primary and a low-mass secondary star.
The primary evolves quickly (within a few Myr), passing from Roche-lobe overflow and
common envelope phases, and ends again in a supernova explosion. The compact object
left in this case needs time before it starts to accrete matter from the secondary. This
time depends on the evolution time of the low-mass star, as a few Gyr are needed before
the orbit of the system shrinks, the secondary fills its Roche-lobe, and their separation
becomes smaller.
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1. Introduction

Figure 1.2: Schematic representation of the formation and evolution of a HMXB (from
Tauris & van den Heuvel, 2006). The orbital period and the time evolution are also
presented inline with the various evolution stages up to and after the HMXB phase (see
Section 1.2 for details).

4



1.2 Formation and evolution of HMXBs and LMXBs

Figure 1.3: Schematic representation of the formation and evolution of a LMXB (from
Tauris & van den Heuvel, 2006). The orbital period and age are also presented inline with
the various evolution stages up to the LMXB phase (see Section 1.2 for details).
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1. Introduction

Thus, the LMXBs characterize a rather older stellar population, contrary to the
HMXB population. In addition their more complex formation path results in an even
less efficient formation than HMXBs.

1.3 The Galactic HMXB distribution
The disctinct differences beteen HMXBs and LMXBs are evident observationally. In
Figure 1.4 the spatial distribution of the LMXB and HMXB populations in our Galaxy
is presented (Grimm et al., 2002). The sample (86 LMXBs, 52 HMXBs) is derived
from Rossi X-ray Timing Exlorer (RXTE) All-Sky Monitor data. The LMXBs (open
circles/boxes) cluster around the Galactic center and they can also be found further
away than this central region, representing the older stellar population found around
the Galactic center and the globular clusters. On the other hand, the HMXBs (filled
circles) are distributed along the Galactic plane and the spiral arms, indicating an
association with star-forming regions and the younger stellar population.

This is depicted clearly in Figure 1.5, where the distribution of the HMXBs (49
INTEGRAL sources, shown as blue stars) and star-forming regions (464, black circles
with sizes proportional to their star-formation activity) are plotted over a Galactic
model (Bodaghee et al. 2007; 23 sources with unknown distances are presented as green
pentagons at 8.5 kpc). As the time to form HMXBs is relatively short (∼ 20Myr), the
HMXBs do not have enough time to travel much from their forming areas, contrary to
the LMXBs. Thus, they correlate well with star-forming regions, and as a result they
can be used as indicators of star-forming activity (e.g. Antoniou et al. 2010).

1.4 The HMXB zoo
In HMXBs the massive companion (the donor or optical counterpart) dominates the
light in the optical band, while the compact object dominates in the X-ray band. De-
pending on the luminosity class of the donor they are classified into two main categories:
(a) the Be X-Ray Binaries (BeXRBs) in which the donor is a Be star of luminosity class
V,IV, or III; and (b) the supergiant X-Ray Binaries (sgXRBs) in which the donor is a
supergiant star of luminosity class I or II. This categorization reflects also the nature of
accretion onto the compact object, either by a diffuse circumsterllar disk in the BeXRBs
or through strong stellar wind and/or Roche-lobe overflow in the sgXRBs. Neverthe-
less, they share many common characteristics, and the next sections are dedicated in
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Figure 1.4: Top panel: The distribution of LMXBs (86, open circles) and HMXBs (52,
filled circles) in the Galaxy, representing the older stellar population (around the Galactic
center) and the younger stellar population (along the Galactic plane), respectively. Bottom
panel: The same distributions (LMXBs represented as open squares, and HMXBs as filled
circles) as seen from a face-on view of the Galaxy. The pentagon (located at x=0, y=8.5)
is the position of the Sun. (Grimm et al. 2002; Sample derived from Rossi X-ray Timing
Exlorer (RXTE) All-Sky Monitor data.)
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Figure 1.5: The distribution of Galactic HMXBs (blue stars) and star-forming regions
(black circles, with sizes proportional to their star-forming rate) overplotted on a face-on
model of the Galaxy. This figure shows the good correlation between the HMXBs and star
formation. A number of sources (green pentagons) have unknown distances and they are
presented at a distance of 8.5 kpc. The red star (located at x=0, y=8.5) is the position of
the Sun. (Bodaghee et al. 2007; The HMXB sample is derived from INTEGRAL data.)
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1.4 The HMXB zoo

their presentation in reference to their different subclasses (see also Figure 1.1).

1.4.1 BeXRBs and X Per systems

In the BeXRBs the donor star (optical counterpart) is a Be star, i.e. "a non-supergiant B
star whose spectrum has, or had at some time, one or more Balmer lines in emission",
which is indicated by the notation "e" following the spectral type (Collins 1987; for
reviews see Porter & Rivinius 2003; Rivinius et al. 2013 and references therein). In the
same context, this definition also includes late O-type stars of similar luminosity class
that present emission lines.

This emission is due to a "decretion" disk1, which forms as mass is lost from the
stellar equator and accumulates in a geometrically thin, outward expanding disk (Riv-
inius et al. 2013, and references therein). The exact mechanism that leads to this mass
loss is not known, but it is believed to result from the fast stellar rotation (Meynet
& Maeder, 2000; Townsend et al., 2004) and/or non-radial pulsations (Rivinius et al.,
2003).

The decretion Be disk serves as the main reservoir of matter that accretes onto the
compact object. This is a neutron star than exhibits X-ray pulsations (X-ray pulsar) for
all BeXRBs discovered so far (Coe et al. 2005; Reig 2011; Ziolkowski 2002; except for
one case discussed at the end of this section). A schematic representation of a BeXRB
system is given in Figure 1.6 (after Tauris & van den Heuvel 2006). When during its
orbit the neutron star passes the periastron it attracts matter from the disk, creating
an accretion disk. The gravitational energy release of the infalling matter powers up
X-ray emission. As the neutron star travels farther in its orbit the X-ray emission
decreases (depending on the available material and eccentricity of the orbit), and it
may well become undetected. Thus, BeXRBs are transients, defined in Reig (2011)
as sources with variability that exceeds at least two orders of magnitude the quiescent
state, which often corresponds to a non-detection state.

After Reig (2011), the BeXRBs exhibit two types of outbursting activity:

• Type I outbursts: These are associated with the periastron passage of the neutron
star, and as such they tend to be regular and (quasi-)periodic. Their duration
is rather small (∼ 0.2 − 0.3Porb), and the increase in X-ray flux is typically one
order of magnitude with respect to the previous (non-outbursting) state (outburst
luminosities of LX ≤ 1037 erg s−1).

1Opposite to the accretion disk in compact objects.
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Figure 1.6: Schematic representation of a BeXRB (from Tauris & van den Heuvel, 2006).
As the neutron star (compact object) passes close to the star, it accumulates material
from the disk of the donor Be-star and enters an outburst event of Type I. The X-ray flux
decreases (to a non-outbursting, often non-detectable phase) as the neutron star orbits
away from the donor, and its flux raises again after one orbit when it approaches the
periastron again.
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• Type II outbursts: Contrary to Type I outbursts, these are aperiodic outbursts,
that can last long (up to several orbital cycles), and can occur at any orbital
phase. The flux increase is almost 103 − 104 times the non-outbursting state,
which makes these systems among the brightest X-ray sources in the sky. During
these events an accretion disk may form, and the Be disk may be also affected
severely (up to total disruption).

All BeXRBs also present short-term variability in the X-rays. Apart from aperiodic
variations (e.g. due to irregular flaring, fluctuations) there are pulsations, indicative
of the presence of a pulsar. The matter from the accretion disk is driven through the
magnetic field lines onto the magnetic poles of the pulsar, leading to the formation of
an accretion column and X-ray hot spots on the pulsars poles. The misalignment of
the rotating and the magnetic axis in the neutron star, leads to a periodic movement of
these hot spots and the accretion column with respect to the line-of-sight that produces
periodic pulses. Typical spin periods for the pulsars identified in the BeXRBs are in
the range of 1-1000s (Knigge et al., 2011).

It is found that the spin period of X-ray pulsars in the HMXBs correlates well
with their orbital period (which has typical values of 11-412 days; e.g. Rajoelimanana,
Charles, & Udalski 2011). This is evident in a spin-orbit period diagram, known also
as Corbet diagram (Corbet 1984, 1986, see Figure 1.7, for an edited version of figure
6 from Drave et al. 2012, regarding Galactic HMXBs), where BeXRBs are presented
as cyan open triangles. The correlation can be explained in terms of the equilibrium
period, which is defined as the period at which the outer edge of magnetosphere rotates
with the Keplerian velocity, and depends from the density of the surround medium,
i.e. the mass flux of the infalling matter (Peq ∝ Ṁ−3/7; Ziolkowski 2002 and references
therein). When the Pspin > Peq then the outer edge of the magnetosphere rotates
with a small velocity that allows matter to accrete and add angular momentum to the
neutron star (spinning it up), while when Pspin < Peq it rotates fast and matter is
driven away from the neutron star (the propeller effect; Illarionov & Sunyaev 1975)
which slows down the neutron star. Thus, accretion is allowed when the neutron star
is close to the donor (e.g. close to periastron, when the density is high), while it is
prohibited when the neutron star is away (e.g. at apoastron, when the density is low).
The total effect of these mechanisms depends on the separation of the neutron star
and the donor: wider systems (high eccentricities and orbital periods) result to a lower
average density of the material surrounding the neutron star and lower spin periods,
while narrower systems (lower eccentricities and orbital periods) result in higher mean
density and allow higher spin periods (Corbet, 1984). We discuss the position of the
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sgXRBs in the next section.

Contrary to the X-ray band, which is dominated by the neutron star, the optical
and infrared (IR) properties of a BeXRB system are dominated by the emission of its
optical counterpart (the Be star). Its emission though is the sum of the intrinsic stellar
luminosity and the emission from the decretion disk. As the disk is irradiated by the
star, it is ionized and the recombination of the free electrons leads to the emission
lines present in the optical spectrum (mainly Balmer lines, but others are possible
also, e.g. Fe II; Hanuschik 1996). However, this is a dynamic process that results in
variability of the structure of the disk that changes the appearance of the spectral lines
(from emission to pure absorption lines, i.e. equivalent to a normal B spectrum, and
everything in between). The most prominent emission line is the Hα line (at 6563 Å).
Monitoring of the intensity and the profile of the Hα line provides information regarding
the Be disk (e.g. size, shape, velocity, density; see Reig 2011 and references therein).
For example "violet-to-red" (V/R) variations of the Hα line, i.e. the ratio of the blue
and red peak for a double-peaked Hα line, reflect the movement of a denser region in
the disk (Okazaki, 1991).

Observations in other wavelengths can probe different regions of the disk when
present (e.g. Haubois et al., 2012). IR excess is a distinct characteristic of BeXRBs
(continuum emission due to recombination of the electrons with the ionized atoms).
It corresponds to regions closer to the star than those that are responsible for the Hα
emission line (Carciofi, 2011).

Further information regarding the eccentricity and orbital period of a BeXRB can
be obtained through optical variability. Systematic monitoring of these sources reveals
periodic modulation in their optical light due to the regular interaction of the neutron
star with the Be disk (duration of tens of days), or even due to the evolution of the Be
disk itself (creation or loss of disk; duration of many hundreds of days; Rajoelimanana
et al. 2011).

There is also a sub-class of BeXRBs that present persistent X-ray emission (e.g.
Reig & Roche 1999; referred to also as X Per systems, after the prototype X Per). In
contrast to the transient nature of all other BeXRBs, these sources are always visible
in the X-rays, but with lower luminosities (LX ∼ 1034−35 erg s−1), and their stochastic
variability does not exceed a factor of 10 with respect to their normal state. They do
not present any kind of outbursts, as in these systems the neutron-star orbit around
the donor star has low eccentricity (e . 0.2). As a result, the neutron star does not
pass close to the Be disk, and it accretes matter only from the outer regions of the Be
envelope. They have large orbital periods (Porb & 200 days) and their neutron stars
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Figure 1.7: The spin (pulse) and orbital period diagram (Corbet diagram; Corbet 1986)
for Galactic HMXBs (edited version of figure 6 from (Drave et al., 2012), which shows
the different locations occupied by the HMXB subclasses. BeXRBs (cyan open triangles)
display a good correlation between the two periods (see Section 1.4.1) at the right part
of the diagram. The Roche-lobe overflow sgXRBs (red circles) occupy the lower left locus
of small spin and orbital periods, while the wind-fed systems (green boxes) a rather flat
region between the Roche-lobe systems and BeXRBs. The obscured sgXRBs (which are
not shown explicitly in this plot) share the same region with wind-fed systems. The SFXTs
(purple filled triangles) can be found within the location of both the wind-fed systems and
the BeXRBs.
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are slow rotators (Pspin & 200s), locating them in the upper right part of the Corbet
diagram, in line though with the BeXRBs.

It is generally adopted that in all BeXRBs the compact object is a neutron star.
However, there is no physical reason to exclude black holes. Belczynski & Ziolkowski
(2009) estimated that, based on population synthesis modes and evolutionary scenarios,
the ratio of BeXRBs with neutron stars to those with black holes is ∼ 30− 50, and if
applied to the number of known Galactic BeXRBs results to ∼ 0−2 systems with black
holes. Therefore the non-detection of a population of black-hole BeXRBs is consistent
with the observed number of ∼ 60 BeXRBs with pulsars in our Galaxy (Liu et al.,
2006).

Only very recently (Casares et al., 2014) presented strong evidence of such a system
by identifying spectral features of the circumstellar environment (e.g. He II λ4686 in
emission) and fitting their velocity curve in the optical spectra of a Be star (MWC 656)
in a binary system. The identification of its X-ray counterpart, with X-ray properties
consistent of a HMXB with black-hole compact object (Munar-Adrover et al., 2014), is
in favor of a BeXRB system with black hole, but further investigation is needed.

1.4.2 Classical sgXRBs, obscured sources, and SFXTs
In the sgXRBs the compact objects are either neutron stars (X-ray pulsars) or black
holes, while the donor is an evolved OB supergiant star (of luminosity class I or II).
These stars have much stronger winds, with mass-loss rates Ṁ ∼ 10−6 − 10−8 M�
yr−1 at terminal velocities up to v∞ ∼ 2000 km s−1, compared to their non-supergiant
stars (Ṁ . 10−8 M� yr−1 and v∞ ∼ 1000 km s−1; Mokiem et al. 2007). If the
compact object lies close to the donor it can capture matter from the stellar wind
and power X-ray emission (wind-fed sgXRBs). If the star fills its Roche lobe then
more matter flows also via the inner Lagrangian point towards the compact object
leading to the enhancement of the X-ray emission (Roche-lobe overflow sgXRBs). The
compact objects in the sgXRBs are found generally in low eccentricity close orbits
(e . 0.3 with Porb ∼ 3 − 40 days; Townsend et al. 2011) which allows for continuous
accretion of matter. Thus, sgXRBs are persistent sources with typical luminosities
LX ∼ 1038 erg s−1 and LX ∼ 1035−36 erg s−1 for the Roche-lobe overflow and wind-fed
systems, respectively (Liu et al., 2006).

Since sgXRBs are bright and persistent sources their population was quickly re-
vealed and they were considered the classical (or standard) sources (as opposed to the
BeXRBs). Nevertheless, with time and improvement of the survey sensitivity the new
HMXBs discovered were primarily BeXRBs, mostly due to their transient nature. As
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of the turn of the millennium sgXRBs were only a mere 5% of the total number of
Galactic HMXBs, while after the advance of the INTEGRAL mission their ratio in-
creased to 30% Chaty et al. (2008). This abrupt increase in their percentage is due to
the identification of new sgXRB classes: (a) the obscured (or highly-absorbed) sgXRBs,
and (b) the Supergiant Fast X-ray Transients (SFXTs).

The obscured sgXRBs (Walter et al., 2006) share the same properties with the
classical wind-fed systems, but they are much less luminous. Their X-ray emission is
absorbed heavilly as it is observed through a high column density (NH ∼ 1024 cm−2),
which is almost two to three orders of magnitude larger than the column density mea-
sured for the classical systems. This is attributed to a dense absorbing environment
(cool/warm gas and dust) in which the binary is deeply embedded (Chaty et al., 2008;
Rahoui et al., 2008).

The supergiant Fast X-ray Transients (SFXTs; Negueruela et al. 2006) are systems
with systematically low luminosity (LX ∼ 1032−34 erg s−1; almost at the sensitivity
limits of the telescopes used), which display regular, very short (from few minutes to
several hours), flares with luminosity peaks of LX ∼ 1036 erg s−1. They can be further
classified into two groups, depending on the frequency and duration of their flares, and
the variability ratio defined as the ratio of their max and min luminosity (Lmax/Lmin):
(i) "classical" SFXTs, which are low-luminosity sources that exhibit variability ratios
greater than 100 and flares of a few minutes, (ii) "intermediate" SFXTs, which are more
luminous sources with smaller variability ratios and longer flares Chaty (2013). The
flares are attributed to the accretion of either unique clumps in the stellar wind, or due
to an asymmetric stellar wind composed by a polar spherically symmetric wind and a
denser equatorial "disk" wind (Sidoli et al., 2008).

Even though there are black hole candidates within the class of sgXRBs (e.g. Cyg
X-1), the majority of sgXRBs hosts a pulsar. If both spin and orbital periods are
known then sgXRBs can be also placed in the Corbet diagram. In Figure 1.7 the
Roche-lobe overflow sgXRBs (red circles) occupy the lower left locus of small spin and
orbital periods, while the wind-fed systems (green boxes) a rather flat region between
the Roche-lobe systems and BeXRBs. The obscured sgXRBs (which are not shown
explicitly in this plot) share the same region with wind-fed systems. The SFXTs (purple
filled triangles) can be found within the location of both the wind-fed systems and the
BeXRBs. There is not a clear correlation between the spin and orbital periods for these
sources, as the correlation observed for the BeXRBs.
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1.5 HMXB populations in galaxies

1.5.1 In general

The observations of HMXBs in our Galaxy are hampered by extinction and distance
uncertainties. Thus, the fraction of HMXBs identified so far is not representative of
the actual population (due to extinction) and their luminosities are not accurately
determined (due to distance). These two complications can be reduced if HMXBs are
observed in nearby galaxies, when a common average extinction can be used and their
distances are known. Moreover, this allows statistical studies of their populations.

Mineo et al. (2012) performed a detailed analysis of 29 nearby star-forming galaxies
(distances< 40 Mpc1) to identify HMXBs. They found approximately 700 sources
that are possible HMXBs. However, their luminosities are at the high end (LX ∼
1037−40 erg s−1, which reflects the population of outbursting BeXRBs and sgXRBs, and
more exotic sources like Ultra-Luminous X-ray sources. At these distances the detection
limit is not low enough to identify sources over a broad range in luminosities. To make
matters worse, information on the optical counterparts for these sources are hard or
even impossible to obtain. In a more recent work, Williams et al. (2014) performed a
spectroscopic survey for optical counterparts of HMXBs in the Andromeda galaxy, to
obtain evidence for only 8 HMXBs (out of the 17 initial X-ray sources) at a luminosity
range LX ∼ 1034−37 erg s−1. Nevertheless, their optical counterparts correspond to the
brightest stars (OB supergiants) for which spectroscopic observations can be obtained
at this distance (∼ 778 kpc).

Fortunately, there are galaxies close enough to our own Galaxy that allow us to
resolve their stellar populations and detect faint X-ray sources: the Magellanic Clouds.
The Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC) are located
at distances of 50.0 kpc (Pietrzyński et al., 2013) and 60.6 kpc (Hilditch et al., 2005),
respectively, and at a sky direction that suffers only lightly from obscuration by the
Galactic interstellar medium. Accurate knowledge of their distances allows in precise
calculation of luminosities.

At these distances Chandra and XMM-Newton can routinely detect sources down
to a few LX ∼ 1033 erg s−1, which are within the non-outbursting HMXB luminosity
range. Moreover, photometric and spectroscopic observations of distinct stars can be
obtained, which help to determine information regarding the optical counterparts of

1There is only one galaxy (Catrwheel) at a greater distance (∼123 Mpc).

16



1.5 HMXB populations in galaxies

the HMXBs (e.g. construct color-magnitude diagrams to obtain ages, identify orbital
periods, define the spectral type). In addition, studies regarding the star-formation
history of the young stellar populations, can provide insights on the HMXB production
efficiency.

1.5.2 The SMC: an excellent laboratory for HMXB studies

In contrast to the large angular extent of the LMC, the SMC (RA: 00h 52m 44.8s, Dec:
-72◦49′ 43′′) extends approximately 5.3 x 3 degrees in the sky. In Figure 1.8 we show
an image of the SMC in visible wavelengths.

Rossi X-Ray Timing Explorer (RXTE) has been successful in discovering most
HMXB pulsars in the SMC (Galache et al., 2008). The small size of the SMC allows
for efficient coverage by the Chandra and XMM-Newton X-ray observatories during
surveys (Antoniou et al., 2009b; Haberl & Pietsch, 2004; Liu et al., 2000, 2005). As of
the writing of this thesis there are 94 (confirmed and candidate) HMXBs in the SMC
(Sturm et al., 2013). Their distribution follows the SMC’s "Bar"-shape, extending form
North-East to South-West, and some are located also at the "Wing", a feature towards
the LMC. The HMXB distribution correlates well with the young stellar population in
the SMC (Zaritsky et al., 2000).

The large number of HMXBs in the SMC though is unexpected, since it is almost
equal to the Galactic number (131; Reig 2011). Simply weighting by the number of
HMXBs according to the mass of the host galaxy Majid et al. (2004) found that the
SMC is over-abundant by a factor ∼501 This would result in only 2-3 SMC HMXBs.

The difference in the metallicity between the two galaxies (ZSMC = 0.2Z�, where
Z� = 0.02 is the solar metallicity; Russell & Dopita 1992) could result in a difference
in the HMXB production efficiency. Lower metallicity results in weaker (line-driven)
winds for massive stars, that remove less mass and angular momentum from the stars.
Ultimately, it leads to a larger population of binaries that pass through the HMXB
phase. Still though, this enhancement would only be a factor of 3, in disagreement
with the observed HMXB numbers (Dray, 2006).

Further evidence is available in the star-formation history (SFH) of the SMC. The
proximity of the SMC provides the ability to resolve (e.g. Gardiner & Hatzidimitriou
1992; Hatzidimitriou & Hawkins 1989; Maragoudaki et al. 2001; Zaritsky et al. 2002)
and study its stellar populations in detail. For example Meyssonnier & Azzopardi
(1993) have cataloged a large number of Hα emission stars, while Murphy & Bessell

1Using the known numbers of HMXB with pulsars at the time (50 Galactic and 24 SMC sources).
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Figure 1.8: The Small Magellanic Cloud (SMC) as observed in optical wavelengths.
(North is up and East left; Image Credit and Copyright: Stéphane Guisard / Astronomy
Picture Of the Day for October 1, 2007).
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(2000) expanded this work to include more emission line sources (e.g. including plane-
tary nebulae).

Harris & Zaritsky (2004) performed a systematic survey of the star-formation his-
tory of the SMC. A series of works (Antoniou et al., 2010, 2009b; Grimm et al., 2003;
Majid et al., 2004; Shtykovskiy & Gilfanov, 2007) have shown a correlation between
the young stellar population and the HMXBs. More specifically Antoniou et al. (2010)
(see also Shtykovskiy & Gilfanov 2007) demonstrated that the population of HMXBs
in the SMC is associated with stellar population ∼40 Myr old. The same timescale also
represents the development of the Be phenomenon, peaking at ∼35 Myr (McSwain &
Gies, 2005b).

In addition, the OGLE1 and the MACHO2 projects have been monitoring large
areas of the SMC for periods of several years. They are invaluable resources for time-
variability studies resulting in the recovery of orbital periods of several HMXBs (Bird
et al., 2012; Coe et al., 2005; Schmidtke & Cowley, 2006; Schmidtke et al., 2004; Schurch
et al., 2011). For example, Rajoelimanana et al. (2011) studied the OGLE light-curves
to derive the orbital period for a large sample of SMC BeXRBs, and identify super-
orbital periods that they associated with major Be-disk events (e.g. total disposal).
Townsend et al. (2011) performed a comparison of the orbital parameters (eccentricity
and orbital period) between the Galactic and SMC HMXBs to find no evidence of
difference between the two populations.

In accordance with Townsend et al. (2011), a number of studies regarding the
spectral-type distributions of the BeXRB populations in the Galaxy and the SMC
reached to the same conclusion: the two populations display the same spectral range
approximately between O8 to B3 (Antoniou et al., 2009a; Coe, 2005; McBride et al.,
2008). Moreover, the measured space velocities for the Galactic BeXRBs (∼15 km s−1;
van den Heuvel et al. 2000a) are found to be comparable with the SMC BeXRBs (∼30
km s−1; Coe et al. 2005, <15-20 km s−1; Antoniou et al. 2010), which reflect the kick
velocities imparted at the neutron stars during the supernova explosion. This similarity
between the Galactic and SMC BeXRBs implies that there are no differences observed
also during the formation of these systems.

In conclusion, the SMC is undoubtedly an excellent laboratory to study in detail
the HMXB population, outside the Galactic environment.

1Optical Gravitational Lensing Experiment, http://ogle.astrouw.edu.pl/
2MAssive Compact Halo Objects, http://wwwmacho.anu.edu.au/
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1.6 Tools used
In this section we summarize the strengths and the weaknesses of the optical spec-
troscopy and the Hα imaging, which are the main tools that have been used to identify
HMXBs.

1.6.1 Hα imaging
Balmer emission lines are a characteristic property of BeXRBs (the majority of the
HMXBs) when the disk is present. Of these lines the Hα line is the most prominent, and
when strong enough, it can make these sources bright in Hα imaging. The identification
of optical counterparts of HMXBs as Hα emission sources provides further evidence in
favor of their HMXB nature. Moreover, Hα imaging can provide candidate sources as
optical counterparts to HMXBs. However, care should taken when using Hα imaging
to identify HMXBs, since there are other stellar populations that also display Hα
emission (e.g. pre-main sequence Herbig Ae/Be stars, red giants, cataclysmic variables
stars; Kogure & Leung 2007).

Due to the transient nature of the Hα emission in Be stars, Hα imaging can reveal
only the "active" (with strong Hα emission) Be stars and BeXRBs at any specific
observing epoch. This allows for the determination of the fraction of "active" sources
with respect to their general population (which is an open question) and can provide
insights in the efficiency of the HMXB production.

1.6.2 Optical spectroscopy
Spectroscopic observations of candidate HMXBs provide the best way to confirm their
nature. If the spectral features of their optical counterparts are consistent with those
for an early-type star then the system is considered as "confirmed HMXB". The spectral
confirmation is important because candidate HMXBs based on photometric parameters
maybe confused with other types of Hα excess sources (c.f. Section 1.6.1).

The assignment of a spectral type provides information regarding the physical pa-
rameters of the donor star (e.g. mass). For example, the typical spectral range of the
optical counterparts is O8-B3 which corresponds approximately to 23-8 M� (for Main
Sequence Galactic stars; Cox 2000).

As great as a tool optical spectroscopy can be, it is a time-consuming process and
a rather small number of objects can be observed simultaneously. Moreover, obtaining
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quality spectra can be challenging for faint sources, such as the optical counterparts of
HMXBs in the SMC.

1.7 Open questions and Outline
The scope of this work is to investigate the properties of the HMXBs in the SMC as a
stellar population. In more detail we will address the following questions:

Q1 What are the spectral types of the SMC HMXBs ?

There is a large number of HMXBs in the SMC for which their spectral types are
not known. Assigning spectral types, further confirms their HMXB nature and
provides information regarding their physical parameters.

Q2 Is there a way to perform an accurate optical spectral classification in an auto-
mated way ?

Despite the power of the human eye as a pattern recognition classifier, a quan-
titative method does not exist for the early-type stars. Such a method would
allow processing of large samples of stars and a quantitative way to assess the
uncertainty in the spectral classification.

Q3 How does the SMC HMXB population compare with the Galactic HMXB popula-
tion ?

In more detail, we would like to know how similar are these populations with
respect to their observable parameters (e.g. spectral-type distributions, orbital
periods), which reflect their evolution paths and can be used to constrain models
for their formation.

Q4 Are there any more new HMXBs ?

Due to the transient nature of the BeXRBs we do not have a clear picture of
their total population. Further search is needed to identify more BeXRBs, an
constrain their duty cycles which will provide insights into their total population.

Q5 What is the fraction of OBe stars and how HMXBs correlate with this?

During each observing campaign, only a fraction of the OBe (early-type stars
with Hα emission) can be recovered, due to their transient nature. We do not
know what is this fraction and how it correlates with spectral type, stellar age,
metallicity. Moreover, we would like to know what is the fraction of HMXBs
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with respect to the OBe population, which is important for the formation rate of
BeXRBs.

To address these question in this thesis we present a systematic study of HMXBs,
and a search for emission-line stars in the SMC, along with a new method to determine
the spectral type of early type stars. In more detail:

In Chapter 2, we present our results from a dedicated spectroscopic campaign,
where we extend their current spectral-type distribution (Q1 ) and under the light of
this new sample, we perform a correlation between the two populations in the SMC
and the Galaxy (Q3 ).

In Chapter 3, we present the development of an automated spectral-type classifier
(Q2 ), employing two different methods, which are based on a physical and a statistical
approach.

In Chapter 4, we present the results from a dedicated photometric campaign, in
order to identify sources with Hα excess in the SMC. We compare these sources with
candidate HMXBs to validate their nature (Q4 ), and investigate the fractions of "active"
Be stars and HMXBs (Q5 ).

Finally, in Chapter 5 we summarize the conclusions of this thesis and we provide
some future plans.
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2
A spectroscopic survey for

High-Mass X-ray Binary sources
in the Small Magellanic Cloud

2.1 Introduction
High-Mass X-ray Binaries (HMXBs) are stellar systems consisting of a massive, early-
type star (of O or B spectral type) and a compact object (neutron star or black hole).
The material lost by the companion star (the donor) either through strong stellar winds
or a circumstellar disk is accreted onto the compact object resulting in the formation
of supergiant X-ray Binaries (sgXRBs) and Be/X-ray Binaries (BeXRBs) respectively.
Predominantly the compact objects in these systems are pulsars with spin periods in
the 1-1000 s range (e.g. Knigge et al. 2011). Depending on the available material and
the geometry of the orbit of the systems, their X-ray emission can be either persistent
or variable in timescales of days up to several months. Their typical luminosity ranges
between ∼ 1034 (for low-activity systems) up to 1038 erg s−1 (for outbursting systems).

In the BeXRBs, the most numerous subclass of HMXBs (Liu et al., 2005, 2006),
the donor is a non-supergiant B star (luminosity class III-V) whose spectrum shows

0Published work: Maravelias G., Zezas A., Antoniou V., Hatzidimitriou D., "Optical spectra of five
new Be/X-ray binaries in the Small Magellanic Cloud and the link of the supergiant B[e] star LHA
115-S 18 with an X-ray source", MNRAS, 438, 2005, (2014).
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or, has at some time in the past shown, Balmer lines in emission (the so-called "Be
phenomenon"; e.g. Porter & Rivinius 2003). This emission is produced by an equatorial
disk of ionized material that has been expelled from the star due to its high (close to
the critical limit) rotational velocity. Subsequently, part of this material is accreted on
the compact object. Most BeXRBs are transient systems (e.g. Reig 2011) which can
produce outbursts with luminosities in the range of 1036−1037 erg s−1 (type I outbursts,
which occur at periastron and last a few days) or even stronger with luminosities
& 1037 erg s−1 (type II outbursts, which are more rare and occur at irregular intervals).
However, there are also persistent sources which display lower luminosity levels (∼
1034 − 1035 erg s−1; for a review see Reig & Roche 1999).

In the case of sgXRBs (Charles & Coe 2006; Liu et al. 2006, and references therein),
the donor is a supergiant O or B-type star (luminosity class I-II). Depending on the
mass-transfer mechanism these systems are divided in Roche-lobe overflow (RLOF;
e.g. Lamers et al. 1976) and wind-fed (e.g. Lutovinov et al. 2013). For systems in
the first subclass, the steady mass-transfer rate through the Roche-lobe is high enough
to lead to the formation of an accretion disk around the compact object, resulting
in persistent systems with luminosities up to ∼ 1038 erg s−1. In wind-fed systems,
the donor star loses mass through a strong radial stellar wind (with mass-loss rates
between 10−8 − 10−6 M� yr−1). As the compact object lies in a close orbit around
the donor, it becomes a persistent X-ray source with much lower luminosity (in the
range ∼ 1035 − 1036 erg s−1). These systems are referred as "classical". The advent of
INTEGRAL has unveiled new populations of wind-fed systems: the supergiant Fast
X-ray Transients (SFXTs; Negueruela et al. 2006) and the heavily obscured sgXRBs
(Walter et al., 2006). The SFXTs display flaring activity which lasts from few minutes
to several hours with a luminosity increase from ∼ 1033 − 1034 erg s−1 to ∼ 1036 −
1037 erg s−1. On the other hand, the heavily obscured sgXRBs are actually similar to
the "classical" wind-fed sgXRBs but the compact object is deeply embedded in a dense
absorbing environment. Their HI column density can be as high as NH ∼ 1024 cm−2

thus suppressing significantly their observed X-ray luminosities. For comparison the
measured absorbing column density for the "classical" systems is of the order of ∼
1021 − 1022 cm−2 (for a review see Kaper et al. 2004; Chaty 2011).

The Small Magellanic Cloud (SMC) is an excellent laboratory to study the HMXBs,
since it is nearby (D = 60 kpc; Hilditch et al. 2005) and well-covered by the Chandra and
XMM-Newton X-ray observatories that can detect sources down to LX ∼ 1033 erg s−1

(i.e. reaching luminosities of non-outbursting sources). Moreover, it does not suffer
from large extinction and distance uncertainties that often hamper studies of HMXBs
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in the Milky Way. It also has a relatively uniform metallicity among the young popu-
lations, and a well-determined star-formation history (Harris & Zaritsky, 2004). Most
importantly it is host to a large number (∼ 90) of HMXBs (Antoniou et al. 2009a,
2010, 2009b; Coe et al. 2005; Haberl & Pietsch 2004). Out of these systems only one is
a sgXRB, source SMC X-1 (Webster et al., 1972), which is the only persistent accreting
X-ray pulsar (Pspin ∼ 0.71 s; Lucke et al. 1976) in the SMC fed through RLOF. This
system has a B0 supergiant companion (Webster et al., 1972) with an orbital period of
3.89 days (Tuohy & Rapley, 1975) and an X-ray luminosity of ∼ 9.5 × 1037 erg s−1 in
the 0.2-12.0 keV energy band (e.g. XMMSL1; Saxton et al. 2008). In contrast, in the
Milky Way the number of confirmed or suspected supergiant systems is much higher
(∼ 32% of the total number of HMXBs; Chaty 2011; Liu et al. 2006).

Although the number of known HMXBs in the SMC has increased dramatically in
the last decade, only recently we started having a picture of the spectral classification
of their donor stars (e.g. Antoniou et al., 2009a; McBride et al., 2008). This is impor-
tant since it can yield valuable information on the evolution of massive binary stellar
systems. Following our previous work (Antoniou et al., 2009a), we used the multiple-
object mode of the AAOmega spectrograph, a fiber-fed optical spectrograph on the
3.9m Anglo-Australian Telescope (AAT), to obtain optical spectra of confirmed and
candidate HMXBs, in order to identify BeXRBs and determine their spectral types.

In this work we present the results of this spectroscopic campaign, as following:
In Section 2.2 we describe the sample of sources and in Section 2.3 we discuss the
observations and the data reduction. In Section 2.4 we present the selection criteria of
candidate BeXRBs. In Section 2.5 the spectral classification of the BeXRBs and the
comparison of their spectral types with previous results are discussed. In Section 2.6 we
discuss the properties of the overall population of BeXRBs in the SMC and we compare
them with the BeXRB population in the Milky Way. We also discuss the nature of the
X-ray source CXOU J005409.57-724143.5 that is associated with the supergiant B[e]
star LHA 115-S 18 (hereafter S 18, Henize 1956; also known as AzV 154; Azzopardi
et al. 1975). A summary of the main results of this study is given in Section 2.7.

2.2 Sample
The sample used in this work is derived from studies of X-ray sources detected with the
Chandra and XMM-Newton X-ray observatories. As our basic sample we use the catalog
of HMXB candidates detected in the Chandra shallow survey of the SMC (Antoniou
et al., 2009b), which were identified based on the location of their optical counterparts
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in the (V, B-V ) color-magnitude diagram (CMD). The chance-coincidence probability
for a Chandra X-ray source to be associated with an OB star is estimated to be ∼20%
(Antoniou et al., 2009b). This approach allowed us to identify candidate HMXBs even
when we could not detect X-ray pulsations in the X-ray data, a tell-tale signature of
BeXRB pulsars. It also allowed us to identify objects of lower X-ray luminosities than
it would be impossible based on the detection of X-ray pulsations.

In this work we use the sample of Antoniou et al. (2009b), which includes the most
likely optical counterpart of 158 Chandra sources with X-ray luminosities as low as
LX ∼ 4×1033 erg s−1, of uncertain or unknown spectral types. Moreover, this sample is
supplemented by 211 additional sources detected in various XMM-Newton observations
of the SMC reaching LX ∼ 3.5 × 1033 erg s−1 (Antoniou et al. 2010; Haberl & Pietsch
2004), which also have uncertain or unpublished spectral types. We were able to obtain
spectra for 133 Chandra and 151 XMM-Newton sources in total.

2.3 Observations and data analysis

2.3.1 AAOmega spectroscopy

Although optical photometry for these sources has identified them as candidate HMXBs,
and it is a powerful tool for identifying large samples of such objects, only optical spec-
troscopy can unambiguously confirm this classification, and provide additional infor-
mation on the nature of these systems.

The optical spectra for this study were acquired during two nights of service time
(on July 26 and September 19, 2008), using the multi-object mode of the AAOmega
spectrograph (Sharp et al., 2006), a double-arm fiber-fed optical spectrograph (up to
400 fibers) on the 3.9m Anglo-Australian Telescope (AAT) fed by the 2 Degree Field
(2dF) robotic fiber positioner. A summary of the observing runs is presented in Table
2.1. In addition, flat-field and arc (FeAr+CuAr+CuHe+CuNe) calibration exposures
were taken each night for each setup.

The data reduction was performed with the 2dfdr1 v4 package with default val-
ues. However, we did not perform the sky subtraction built in 2dfdr as we followed
a different approach than the standard procedure. The steps taken during the 2dfdr
process included: (i) bias subtraction and flat-fielding; (ii) wavelength calibration; (iii)
combination of individual exposures for the same field. The extraction of the individual

1http://www.aao.gov.au/2df/aaomega/aaomega_2dfdr.html
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spectra was performed with the extract command of the FIGARO v5.6-6 package of
STARLINK (Shortridge et al., 2004).

After the extraction of all spectra from the AAOmega data, we performed the
sky subtraction and initial characterization of the spectra. Flux calibration was not
attempted since the wavelength-dependent throughput of each fiber is different and,
ideally, a flux standard should be observed through each fiber. Nevertheless, our anal-
ysis is not affected because our classification criteria are based mainly on the presence
or absence of spectral lines and not their absolute intensity. In addition, we can use the
relative intensity of nearby lines, as the majority of the lines used in the classification
are between 3900 Å and 4700 Å (with the exception of the Hα line), where the fiber
response is fairly flat.

We considered for further analysis objects with S/N ratio above 20 (i.e. 400 counts)
in the blue (4100 Å - 4300 Å) as well as the red (6410 Å - 6450 Å) parts of the spectrum.
For the sky spectra, since the final sky spectrum resulted from the combination of
several spectra, we set a limiting S/N ratio of 15 (i.e. 225 counts) in each of the two
bands. After this selection, a total of 25 sky and 130 source spectra were kept from the
September 19 observing run, while from the July 26 run we kept 5 sky and 53 spectra
for further analysis.

The field of each sky fiber was examined visually (using the images from the OGLE-
II project1; Udalski et al. 1998) in order to ensure that the spectra were not contam-
inated by any nearby source. After this process, 10 spectra were selected for further
analysis from the south field (9 observed on September 19 and 1 on July 26) and 2 from
the north field (observed on July 26). These sky spectra were combined into a median
sky spectrum for each observation date and field.

All object and sky spectra were corrected for small residual wavelength offsets by
measuring the positions of strong sky emission lines at 5577.3 Å and 6300.3 Å for
the blue and the red band respectively. In order to account for throughput variations
between the object and sky fibers, the fluxes for these sky emission lines were measured
for each stellar spectrum and the corresponding sky spectrum was scaled in order
to match the measured intensity of the lines. Then the rescaled sky spectrum was
subtracted from the corresponding object spectrum.

Although this method is sufficient for the subtraction of sky emission from each
spectrum, it is not sufficient for the removal of the contaminating interstellar emission
in the stellar spectra. The selected fields in the SMC show strong and spatially variable
diffuse emission from HII regions and supernova remnants. Among the interstellar

1http://ogledb.astrouw.edu.pl/~ogle/photdb/
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emission lines, Hα is the strongest one but, at the same time, it is also a critical feature
for the classification of BeXRBs. Ideally, sky subtraction would be performed with
sky fibers placed within few arcsec from each source, in order to correct for the local
interstellar contamination. However, due to hardware limitations we cannot place two
fibers closer than 30′′1, leaving us with the only option of measuring an average diffuse
emission spectrum for each field.

By measuring a mean sky spectrum, we can remove a large part of the interstellar
emission background but there may still be some residual contamination. This is in-
dicated by the presence of typical interstellar emission lines (such as [OIII] λ5007 and
[SII] λλ6716,6731) in the sky subtracted spectra.

2.3.2 Optical and Infrared data for star S 18
Optical photometry for star S 18 (Henize 1956, or AzV 154 after Azzopardi et al.
1975) has been derived from the Optical Gravitational Lensing Experiment (OGLE)
online database (see footnote 2; Szymanski 2005; Udalski et al. 1997). The retrieved
data were obtained in the Bessell I-band. There are 327 observations between June
1997 and November 2000, with typical photometric errors of 0.003 mag. Although
photometry for this star also exists in the MAssive Compact Halo Object (MACHO)
database (Alcock et al., 1997, 1999), these data show unphysically large scale scatter
of up to ∼1 mag compared to the OGLE data. We attribute this to confusion with a
star of similar brightness located ∼ 4′′ from S 18 (for comparison the median seeing of
the MACHO survey is ∼ 3′′; Alcock et al. 1997).

We used the catalog compiled by Bonanos et al. (2010) to retrieve the infrared
photometric properties of star S 18 (discussed in Section 2.6.3.1): J=12.349±0.033 mag,
H=11.931±0.038 mag, Ks=11.109±0.026 mag, [3.6µm]=9.177±0.042 mag, [8µm] =
6.966± 0.022 mag, [24µm]=4.786±0.007 mag.

1Although the minimum distance is 30′′, a typical distance is closer to 30-40′′ (http://www.aao.
gov.au/AAO/2df/aaomega/aaomega_faq.html#fibsep).
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2.3.3 X-ray data for source CXOU J005409.57-724143.5
In the ∼9.4 ks long Chandra observation obtained in July 04, 2002, we detected this
X-ray source with an absorption corrected X-ray luminosity of ∼ 3.5×1033 erg s−1, (0.5-
7.0 keV; assuming a power-law spectrum with photon index Γ = 1.7 and an absorbing
column density of NH = 6.23× 1020 cm−2, based on the average Galactic HI column
density along the line of sight of this field; Dickey & Lockman 1990) at an off-axis
angle of ∼ 5′ (Zezas, in prep.). The small number of net counts (9+3

−4) did not allow us
to derive and model the X-ray spectrum for this source.

Despite the low significance of its intensity (1.9σ above the background) this is
a solid detection (see Kashyap et al. 2010 for a discussion of the detection and in-
tensity significance). This source was also detected by XMM-Newton on Dec. 18,
2003 (ObsID 0157960201) and reported in the XMM Serendipitous Source Catalog
(3XMM-DR4 Version1) as 3XMM J005408.9-724144. We reanalyzed these data with
the XMM-Newton Science Analysis System (SAS v12.0.1). After processing the raw
data with the epchain and emchain tasks, we filtered any bad columns/pixels and high
background flares (excluding times when the total count rate deviated more than 3σ
from the mean), resulting in 14.8 ks, 18.7 ks, and 17.2 ks net exposures for the Euro-
pean Photon Imaging Camera (EPIC) Metal Oxide Semi-conductor (MOS)1, MOS2,
PN cameras, respectively. We only kept events of patterns 0-4 for the PN and 0-12
for the MOS detectors. Source detection was performed simultaneously in five en-
ergy bands (0.2-0.5 keV, 0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV, and 4.5-12.0 keV) for
each of the three EPIC detectors with the maximum likelihood method (threshold
set to 7) of the edetect_chain task. At the position of CXOU J005409.57-724143.5
in the EPIC PN camera, there is source XMMU J005409.2-724143 with coordinates
R.A.=00:54:09.16 (J2000.0), Dec.=-72:41:43.46 (J2000.0) and a positional error of 1.6′′

(at the 1σ level, including the relative as well as the absolute astrometric uncer-
tainty). The edetect_chain task lists this source with 39 ± 9 counts (source-detection
likelihood DET_ML = 24.6) at an off-axis angle of 4.89′ in the 0.2-12.0 keV energy
band2. The absorption corrected X-ray flux, assuming a spectral model of an ab-
sorbed power-law with a column density NH = 6.23× 1020 cm−2 and spectral slope
Γ = 1.7, is then (1.6± 0.4)× 10−14 erg cm−2 s−1. At the distance of the SMC, this cor-
responds to absorption corrected luminosity of Labs.

X = (7.1± 1.7)× 1033 erg s−1 (0.2-
12.0 keV). We note that source XMMU J005409.2-724143 was not detected with ei-

1http://xmmssc-www.star.le.ac.uk/Catalogue/3XMM-DR4/
2Using the revised energy correction factors from http://xmmssc-www.star.le.ac.uk/Catalogue/

2XMMi-DR3/UserGuide_xmmcat.html#ProblECFs.
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2.4 Selection of candidate BeXRBs

ther of the EPIC MOS detectors, while the XMM Serendipitous Source Catalog lists
it with slightly different coordinates and characteristics (DET_ML = 34.6 and mean
FX ∼ (1.0± 0.4)× 10−14 erg cm−2 s−1), which are consistent with our measurements
within the errors. Novara et al. (2011) who also analyzed these data do not report this
source since they only focus on bright sources.

We then extracted the PN source spectrum from a 8.5′′ radius aperture and a
background spectrum from a 75" source-free region at the same distance from the
readout as the source region. Unfortunately, the high background in combination with
the small number of detected counts did not allow us to perform any spectral analysis.

The area around source CXOU J005409.57-724143.5 was also observed with XMM-
Newton on November 01, 2006 (ObsID 0404680201). Following the same analysis pro-
cedure as above, we obtain a 30.5 ks net exposure for the EPIC PN camera. Despite the
almost double exposure time compared to the 2003 observation, this time the source
was undetected. We used the BEHR tool1 (Park et al., 2006) and measured an intensity
upper bound of 10.3 counts (at the 99% confidence level) at the location of the source.
This corresponds to an observed X-ray luminosity of Labs.

X ∼ 4.7× 1032 erg s−1 (0.2-12
keV) assuming the same spectral parameters and distance as for the other XMM-Newton
observation. This is a factor of 10 lower than the previously derived source intensity.

2.4 Selection of candidate BeXRBs
Here we use the spectra extracted as described in the previous section in order to
identify the spectral types of the studied sources. However, since contamination by
the interstellar emission can be significant, for our analysis we selected objects with
minimum contamination based on the width of their Hα emission line and their [SII]/Hα
ratio (c.f. Antoniou et al. 2009a). A minimum Full Width at Half-Maximum of the
Hα emission line (FWHMHα) is used to eliminate objects with too narrow emission,
since BeXRBs have broader emission lines than the interstellar component (Coe et al.,
2005). The selection of objects with [SII]/Hα ratio smaller than in the average "sky"
spectrum also helps to eliminate objects with contamination from diffuse interstellar
emission (mainly supernova remnants).

The minimum FWHMHα was based on the width of the Hα line measured in the
sky spectra separately for each observation as the use of different gratings resulted
in different spectral resolutions. For the July 26 data, there are only 3 sky spectra

1http://hea-www.harvard.edu/AstroStat/BEHR/
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of suitable S/N (two from the north and one from the south field) which result in
an average interstellar Hα width of 〈FWHMHα〉 = 5.70 ± 0.07 Å. For the Septem-
ber 19 data, 9 good sky spectra were used resulting in an interstellar Hα width of
〈FWHMHα〉 = 1.94± 0.03 Å. We selected for further analysis objects with a FWHMHα
at least 3σ above the average width of the interstellar Hα emission. This means that
only objects with FWHMHα>5.91 Å for July 26, and FWHMHα>2.03 Å for September
19, were considered for further examination.

In order to determine the average [SII]/Hα ratio for the interstellar emission we used
again the sky spectra. We found [SII]/Hα=0.28±0.11 for the south field (September 19)
and [SII]/Hα=0.38±0.02 for the north field (July 26). As no Hα emission was present
in the only sky spectrum of the south field observed on July 26, we used the [SII]/Hα
ratio measured in the September 19 run (since the flux of the lines is independent of
the spectral resolution). These values are in agreement with the [SII]/Hα ratio (≥0.4)
expected in environments with supernova remnants, indicating that the ISM in these
regions is to a large degree shock excited. Thus, all sources considered as BeXRB
candidates should have a [SII]/Hα ratio smaller than the maximum values found for
each field, in addition to the low limit on the FWHMHα .

After applying these criteria, we are left with 21 sources out of the 272 initial targets
that are BeXRB candidates and which are considered for spectral classification. These
include 18 Chandra and 3 XMM-Newton sources.

The final spectra were normalized by subtracting the stellar continuum (after a
spline fit), using the DIPSO v3.6-3 package of STARLINK (Howarth et al., 2004).

2.5 Spectral classification

2.5.1 Spectral classification criteria
As seen in the previous section, the selection of sources for further classification was
based on their broad Hα lines, a key characteristic of BeXRBs. In Figs. 2.1, 2.2, and
A.1, we present the spectra of the 21 sources selected for further analysis. As expected,
by selection, they exhibit strong Hα emission. The left-hand panels in these figures show
the blue part of the spectrum with the diagnostic lines for spectral-type classification
marked, while the right-hand panels focus on the Hα line. Shaded areas indicate bad
columns and/or sky subtraction residuals. We see that two sources (CH4-8, and CH4-2
in Fig. A.1) show asymmetric Hα profiles, while two more sources (CH3-7, and CH5-6
in Fig. 2.1), show double-peaked Hα emission. Although Herbig Ae/Be stars present
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2.5 Spectral classification

Table 2.2: Classification criteria for B-type stars in SMC from Antoniou et al. (2009a)
and Evans et al. (2004).

Line identifications Spectral Type
HeII λ4200,HeII λ4541,HeII λ4686 present earlier than B0
HeII λ4541 and HeII λ4686 present, HeII λ4200 weak B0
HeII λ4200 and HeII λ4541 absent, HeII λ4686 weak B0.5
HeII λ4686 absent, SiIV λλ4088,4116 present B1
SiIV λ4116 absent, SiIII λ4553 appear B1.5
OII+CIII λ4640-4650 blend decreases rapidly later than B1.5
SiIV and SiII absent, MgII λ4481 < SiIII λ4553 B2
MgII λ4481 ∼ SiIII λ4553 B2.5
MgII λ4481 > SiIII λ4553 B3
OII+CIII λ4640-4650 blend disappears, later than B3
OII λ4415-4417, NII λ4631 disappear
clear presence of HeI λ4471 and absence of MgII λ4481 earlier than B5
SiIII λ4553 absent, SiII λ4128− 4132 < HeI λ4121, B5
HeI λ4121 < SiII λ4128− 4132 < HeI λ4144, B8
MgII λ4481 6 HeI λ4471
HeI λ4471 < MgII λ4481, B9
FeII λ4233 < SiII λ4128-4132
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Figure 2.1: The spectra of the five new BeXRBs identified in this work (including the
tentative BeXRB CH7-19). Shaded areas indicate wavelength ranges of bad columns and/or
sky subtraction residuals.
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Figure 2.1: continued
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Figure 2.2: Spectrum of the optical counterpart to the Chandra source CXOU J005409.57-
724143.5 (CH6-20) identified as a sgB0[e] star (Zickgraf et al., 1989), which is the known
sgB[e] star LHA 115-S 18 (Henize, 1956). There is clear presence of emission lines of HeII,
permitted and forbidden Fe lines, and Balmer lines with P Cygni profiles.
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most of the time a double-peaked Hα profile (Vieira et al., 2003), we can safely rule
out this possibility since the position of our objects in the V, B-V CMD (see fig. 3 of
Antoniou et al. 2009b) ensures that they are not pre-main sequence objects. One more
source (CH6-20) shows evidence for P-Cygni profiles (Fig. 2.2).

The spectral-type classification is based on the scheme of Evans et al. (2004), which
was later applied to BeXRBs by McBride et al. (2008) and Antoniou et al. (2009a),
supplemented by the atlas of Gray & Corbally (2009). In order to classify OB stars, the
use of metal lines is normally preferred, but because of the low metallicity of the SMC
they are much weaker and difficult to detect. Thus, we classify the spectra based on a
combination of HeI, HeII, and metal lines. The spectral lines used for our classification
are presented in Table 2.2.

In Table 2.3 we present the list of the HMXBs identified in our study, along with
the classification derived from this and previous studies. In this table each source is
identified with an ID of the type CH/XMM F-NN, where CH stands for Chandra and
XMM for XMM-Newton sources, F is the field number, and NN is the source ID from
the studies of Antoniou et al. (2009b), and Antoniou et al. (2010), respectively. We
find 20 sources of B spectral type which in combination with their strong Hα lines and
X-ray emission make them BeXRBs, and one X-ray emitting supergiant system with
also strong emission in the Hα line and evidence for a strong wind, which makes it a
possible HMXB. Next we discuss the new BeXRBs and the supergiant system identified
in this work; sources that have been already classified as BeXRBs are discussed in detail
in the Appendix.

For each source we measured the equivalent width (EW ) of the Hα line as the ratio
of the flux in the region of Hα (6553-6576 Å) over the continuum at the position of
Hα as calculated by a linear fit to the flux of line-free regions adjacent to Hα (i.e. at
6530-6540.5 Å and 6630-6650 Å). These measurements are presented in Table 2.4.

2.5.2 Discussion of individual sources

• CXOU J005409.57-724143.5 (source CH6-20) - classified as sgB0[e]

This is probably the most interesting object in our sample (see Fig. 2.2). Not only
all the Balmer lines are in emission but we also observe HeII, as well as permitted
and forbidden Fe lines in emission. Moreover, all the Balmer lines and some HeII
lines present P Cygni profiles, typical of supergiant B[e] stars (Lamers et al., 1998;
Shore et al., 1987; Zickgraf et al., 1989). However, due to the lack of characteristic
lines (which are absent even in high resolution spectra, c.f. Graus et al. 2012), we
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cannot identify the spectral type of this source. Through a model atmosphere fit
Zickgraf et al. (1989) concluded that the stellar temperature corresponds to a B0
spectral type. According to the classification criteria of Table 2.2 the spectrum
should also show HeII λ4686 for this spectral type, which is however absent in our
spectrum. Nevertheless, the variability in this line is known (Morris et al., 1996;
Shore et al., 1987). To the best of our knowledge, there are no other classifications
in the literature, thus we classify source CH6-20 as a sgB0[e]. This makes this
source the second X-ray source associated with a supergiant in the SMC. We
further discuss the nature of source CH6-20 in Section 2.6.3.

• CXOU J005504.40-722230.4 (source CH5-6) - classified as B1-B5

The HeII λλ4200, 4686 lines are absent so this spectrum is of B1 spectral type or
later. As the HeI λ4471 line is present without any sign of the MgII λ4481 line,
we can deduce that the source must be earlier than B5. No other line that would
help us to further constrain the classification is visible, thus we only propose a
B1-B5 spectral-type range for source CH5-6.

• CXOU J005723.77-722357.0 (source CH3-7) - classified as B2

The HeI λλ4144, 4387, 4471 absorption lines are clearly detected. Since no HeII
λλ4200, 4686 lines are visible the source has a spectral type of B1 or later. More-
over, the absence of the MgII λ4481 line and the presence of SiIII indicates that
the star is earlier than B2.5, which is also supported by the presence of the OII
λ4415-4417 lines and the OII+CIII λ4640-4650 blend. The SiIV λλ4116, 4088
and SiII λ4128-4132 lines are not present, which means that all criteria for a B2
star are completely fulfilled for this previously unclassified source.

• XMMU J010519.9-724943 (source XMM1-2) - classified as B3-B5

The absence of the HeII λλ4200, 4686 lines supports a spectral type of B1 or
later. We see no evidence for the OII+CIII λ4640-4650 blend, so the source must
be later than B3, as this blend disappears after this class. Moreover, this source
cannot be later than B5, since the HeI λ4471 line is present but without any
sign of the MgII λ4481 line. We thus assign to the previously unclassified source
XMM1-2 a spectral type of B3-B5. Noteworthy are the weak Hγ emission and
the almost filled-in (by emission) Hδ line.

• XMMU J010620.0-724049 (source XMM1-3) - classified as B9

The strong presence of the MgII λ4481 line is characteristic of a late B-type star.
Moreover, the MgII λ4481 line is clearly stronger than the HeI λ4471 line, which
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2.6 Discussion

immediately places this source in the spectral range later than B8. The CaII K
λ3933 line is also present in later B types and it becomes a dominant metal line in
A-type stars (being much stronger than MgII). In our case the CaII K λ3933 line
is much stronger than the usual interstellar emission line seen in all other spectra,
but it is weaker than the MgII λ4481 line, so we conclude that this, previously
unclassified, star has a B9 spectral type.

• CXOU J004941.43-724843.8 (source CH7-19) - classified as B1-B5

This source displays an Hα emission line with a FWHMHα = 5.21 Å which is
marginally lower than our limiting Hα FWHM (FWHMHα = 5.70 ± 0.07 Å for
July 26; c.f. Section 2.4). Nevertheless, we decided to further examine this source.
The most striking features of its spectrum are the emission in the Balmer lines
series and the presence of the [OIII] λλ4959, 5007 lines. As the sky subtraction is
not perfect the [OIII] lines are residuals of the contribution from the surrounding
environment. A previous classification for this source has been given by Murphy
& Bessell (2000) as a potential Planetary Nebula (source 61 in their list). Their
analysis showed that only 33% of the good candidates are real Planetary Nebulae,
while source 61 is not characterized as a good candidate as its properties are
closer to emission stars. Taking into account that their position accuracy was
not better than 12" and that there is a star cluster in the same region (Bica
& Schmitt, 1995), it is possible that this source was misclassified as a potential
Planetary Nebula. In addition, the FWHMHα = 5.21 Å translates to a rotational
velocity of vsini ∼240 km s−1 which is within the normal range of rotational
velocities for Be stars (Steele et al., 1999). Thus, the major contributor of the
spectral lines is considered to be of stellar nature than interstellar. The absence
of both HeII λλ4200, 4686 lines suggests that the source is of spectral type B1 or
later, but not later than B5 due to the absence of the MgII λ4481 line. Thus, we
tentatively classify the previously unclassified source CH7-19 as B1-B5, although
the Be nature is uncertain due to the marginal width of its Hα emission line.

2.6 Discussion

2.6.1 New Be/X-ray Binaries
In Table 2.3 we present the X-ray and optical properties of the BeXRBs studied in this
work. From the 21 classified sources, 12 are in full agreement (within 0.5 spectral type)
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with the previous studies of McBride et al. (2008), and Antoniou et al. (2009a), while 3
have later spectral types (by 1 to 1.5 type) than previous results. Most importantly, we
identify 4 new BeXRBs and 1 candidate sgXRB system (discussed in detail in Section
2.6.3). Although source CH7-19 is included in the table we exclude this source from
further analysis, as its identification as an emission line star is tentative due to the
possibly significant contamination of its spectrum by interstellar emission (see Sections
2.4 and 2.5.2). In the following discussion, we exclude from any comparisons with other
samples source CH6-20 (the sgB[e]) since it does not belong to the same population as
the luminosity class III-V BeXRBs. The remaining BeXRBs is hereafter referred to as
the "sample".

The 4 new BeXRBs sources (hereafter referred to as "new") are: CXOU J005504.40-
722230.4 (CH5-6), CXOU J005723.77-722357.0 (CH3-7), XMMU J010519.9-724943
(XMM1-2), and XMMU J010620.0-724049 (XMM1-3). The spectral types for sources
CH3-7 and XMM1-3 (B2 and B9, respectively) are accurate to ±0.5 subclass. XMM1-3
is the BeXRB with the latest spectral type (B9) known in the SMC. For the remaining
new BeXRBs, we can provide only a range of spectral types: B1-B5 for the source
CH5-6, and B3-B5 for the source XMM1-2.

All but source CH3-7 (V=14.71 mag), are faint objects with V -magnitudes in
the range 16.4-17.9 mag (see Table 2.3) and have rather noisy spectra (see Fig. 2.1)
which hampers their spectral classification. They are also faint X-ray sources with
typical X-ray luminosities ∼ 1034 erg s−1, outside the typical range of luminosities of
outbursting BeXRBs. Overall our sample of BeXRBs spans 3 orders of magnitude in
X-ray luminosity and it includes faint BeXRBs for which it is not possible to detect
X-ray pulsations.
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Column description:
(1) Source ID - the name convention is CH/XMM F-NN, where CH stands for Chandra
and XMM for XMM-Newton sources, F is the field number and NN is the source ID
for this field (from Antoniou et al. 2009b and Antoniou et al. 2010, respectively).
(2) Optical counterpart ID given as O_F_NNNNNN from the OGLE-II catalog (Udal-
ski et al., 1998), where F is the field number and NNNNNN is the optical source ID
respectively, and Z_NNNNNN from the MCPS catalog (Zaritsky et al., 2002), where
NNNNNN is the line number of the source in their table 1.
(3,4) Right Ascension and Declination (J2000) of the optical counterpart.
(5) Distance (in arcseconds) of the optical counterpart from the X-ray source.
(6,7) Apparent V magnitude and B-V color index, along with their errors, taken di-
rectly from the original catalogs without applying any reddening or zero-point correc-
tion.
(8) X-ray source names, Chandra sources (CXOU) labeled as C and XMM-Newton
sources (XMMU) as X, followed by the designation.
(9,10) Right Ascension and Declination (J2000) of the X-ray source.
(11) Unabsorbed X-ray luminosity in the 0.5-7.0 keV band (assuming a power law with
photon index Γ = 1.7 and NH = 6× 1020 cm−2, and 60 kpc distance; Hilditch et al.
2005) for Chandra sources (Zezas, in prep.; Antoniou et al. 2009b) and XMM-Newton
sources (Antoniou et al., 2010).
(12) Spectral-type classification from this work.
(13) Classification published in other works: [A09]: Antoniou et al. (2009b); [M08]:
McBride et al. (2008); [Z89]: Zickgraf et al. (1989).
∗: the classification of source CH7-19 is tentative as its 〈FWHMHα〉 is marginally lower
than the limit set for BeXRBs.
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2.6.2 Spectral-type distributions

By combining our results with these from previous studies of the BeXRBs in the SMC
(e.g. Antoniou et al. 2009a; McBride et al. 2008) we can obtain a more complete sample
of the properties of the BeXRB population in the SMC. In Fig. 2.3 we plot a histogram
of the spectral-type distribution of our sample and new sources separately (as defined
in Section 2.6.1), along with the samples of the previous studies by McBride et al.
(2008) and Antoniou et al. (2009a). In order to account for the uncertainty in the
spectral-type classification we split sources extending over more than one class equally
between the encompassed class bins (e.g. a B0-B2 object will split into 1/3 in B0, B1,
and B2 spectral class, respectively.) By inspecting this figure we see that there is a
trend for our sample to extend to later spectral types than previous works. In order
to assess the significance of this trend we compared the spectral-type distributions of
these samples using a two-sample Kolmogorov-Smirnov test (KS test; Conover, 1999).
We find that this trend is significant at more than 99% confidence level, which further
indicates that the sources in our sample are skewed towards later types (see Fig. 2.4
for the cumulative distributions of the spectral types in these three samples).

In Fig. 2.5 we also present the unabsorbed X-ray luminosities of the sources iden-
tified in this study (new identifications are presented again separately) along with the
maximum X-ray luminosity of known BeXRBs in the SMC, as given in table 1 of Ra-
joelimanana et al. (2011). As this list is not homogeneous we transformed these values
to the 0.5-7 keV energy band that we used in our study, assuming a power law with
photon index Γ = 1.7 and NH = 6×1020 cm−2. We obtained the maximum luminosities
for our sources from table 1 of Rajoelimanana et al. (2011). For the sources that are not
in this catalog we used the unabsorbed luminosities presented in Zezas (in prep.) and
Antoniou et al. (2010, 2009b). We have also assumed that the X-ray luminosities given
in Rajoelimanana et al. (2011) are unabsorbed. In any case, the difference between the
unabsorbed and absorbed luminosities for the assumed model and energy band is not
important for the purpose of the comparison presented here.

In Fig. 2.5 we see a weak trend for lower-luminosity sources to be associated with
sources of wider spectral-type range, and extending to later types. A possible physical
explanation for this trend may lie in the nature of the BeXRBs, especially if there is a
correlation between the spectral type and the size of the equatorial disk. Although this
is a very intriguing prospect, we should note that the observed trend could be the result
of a selection bias: the list of Rajoelimanana et al. (2011) gives by construction the
historically maximum detected X-ray luminosity for these sources, while our sample,
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Table 2.4: Measured Hα equivalent widths (EW ) for each source on July 26, 2008(1).

Source ID EWHα ±δ(EWHα)
(Å) (Å)

CH4-8 -6.45 0.07
CH7-1 -13.78 0.13
CH4-2 -24.22 0.52
CH4-5 -29.39 0.17
CH7-19 -187.68(2) 0.36
CH4-3 -23.19 0.08
CH5-3 -2.90 0.04
CH5-1 -8.54 0.06
CH6-1 -7.65 0.10
CH5-12 -4.41 0.06
XMM2-1 -21.06 0.09
CH5-16 -12.31 0.04
CH6-20 -120.3 1.6
CH6-2 -42.68 0.14
CH5-7 -14.89 0.13
CH5-6 -12.31 0.04
CH3-18 -32.87 0.10
CH3-7 -1.01 0.05
CH3-3 -33.35 0.18
XMM1-2 -53.63 0.23
XMM1-3 -6.59 0.14

(1) For source CH4-2 the EW was measured on September 19, 2008.
(2) Part of the Hα emission line could be due to ISM contamination.

44



2.6 Discussion

which mainly contributes to the lower luminosity, later spectral-type sources, includes
sources for which the X-ray luminosity was measured from a single snapshot.

In Fig. 2.6 we compare the average orbital period (Porb) and eccentricity (e) as a
function of spectral type of the BeXRB populations in the SMC and Milky Way (MW).
Data for the orbital periods of BeXRBs in the SMC are taken from Rajoelimanana et al.
(2011), and for the MW from Townsend et al. (2011). For the eccentricities we take all
data (for both SMC and MW) from Townsend et al. (2011).

In Fig. 2.7 we present the cumulative distributions of the spectral types, orbital
periods, and eccentricities for MW and SMC BeXRBs. For the SMC we used the
spectral types of sources as derived from this work and the previous studies of McBride
et al. (2008), and Antoniou et al. (2009a), while for the MW we take the data from
the review paper of Reig (2011). We find marginal evidence for difference between the
spectral type distributions of SMC and MW BeXRBs (∼99.9% confidence based on
the KS test), in contrast to previous studies which found no evidence for difference
between the BeXRB populations in these two galaxies (e.g. Antoniou et al. 2009a;
McBride et al. 2008). We attribute this difference to the use of larger samples for both
the SMC and the MW than previous studies, and the extension of the former to later
spectral types. However, given the important implications of this difference for the
evolution of BeXRBs in the SMC we consider it as only tentative at this point. On the
other hand, we do not find any evidence for difference in the distribution of the orbital
parameters (Porb, e) in SMC and MW BeXRBs, based on the KS test. This result
provides an indication for the distribution of the kick velocities imparted on the pulsars
during the supernova explosion. The vector of the kick and the mass of the secondary
object (in the initial binary) will affect the orbit of the neutron star around it. Since
the spectral types (which reflects the donor mass of the BeXRBs) are not dramatically
different between the SMC and the MW, and the orbital-element distributions (period
and eccentricity) are not different at a statistically significant level, we can deduce
that there is an indication that the kicks imparted to the pulsars during the supernova
explosions have similar strengths in the SMC and the MW. Further support comes from
previous studies, where the measured kicks in the MW BeXRBs (v ∼ 15±6 km s−1; van
den Heuvel et al. 2000b) are found to be comparable with these of the SMC BeXRBs
(v ∼ 30 km s−1; Coe 2005, v < 15− 20 km s−1; Antoniou et al. 2010).
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Figure 2.3: Comparison of spectral-type distributions of the different samples considered
in this work: "Antoniou09" (blue, right diagonal line filled) and "McBride08" (green, left
diagonal line filled) corresponds to the spectral-type distributions obtained from Antoniou
et al. (2009a) and McBride et al. (2008), respectively; "sample" (red solid line, ’o’ filled) and
"new" (black solid line) correspond to the BeXRB sample studied in this work (excluding
sources CH7-19 and CH6-20) and only the new sources (excluding source CH6-20) from
this work respectively, as defined in Section 2.6.1. (For sources extending over more than
one class their spectral type is split equally between the encompassed class bins, e.g. a
B0-B2 object will split into 1/3 in B0, B1, and B2 spectral type, respectively.)
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Figure 2.4: Cumulative distributions of the spectral types of BeXRBs populations in
the SMC for our sample (solid blue, excluding source CH6-20) compared with the samples
(dashed green) of Antoniou et al. (2009a) and McBride et al. (2008). By applying the
Kolmogorov-Smirnov test we find that our sample is different from the previous ones, at
more than 99% confidence level (the probability to reject the null hypothesis, that the
two distributions come from the same parent distribution, is given above each plot). This
indicates that our sample is skewed to later spectral types.
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Figure 2.5: Unabsorbed X-ray luminosities (LX) of SMC BeXRBs plotted against the
spectral type of their optical counterparts. The blue circles represent the maximum ob-
served LX for sources obtained from table 1 of Rajoelimanana et al. (2011) and after trans-
forming these values to the 0.5-7 keV energy band that we used in our study (assuming a
power law with photon index Γ = 1.7 and NH ∼ 6×1020 cm−2). The red asterisks ("Known
BeXRBs") represent sources from our sample (see Table 2.3) with a previous classification
and their maximum luminosities are derived either from table 1 of Rajoelimanana et al.
(2011) or from Zezas (in prep., Chandra sources) and Antoniou et al. (2010, XMM-Newton
sources). The cyan asterisks ("New BeXRBs") represent new sources identified in this work
(see Section 2.6.1) with their luminosities taken from Zezas (in prep.), and Antoniou et al.
(2010).
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Figure 2.6: The orbital periods (Porb) and eccentricities (e) as a function of the spectral
types of the optical counterparts of BeXRBs populations in the SMC and the Milky Way
(binned to 1 spectral type). For the orbital periods the solid blue and the dashed green
lines correspond to the samples of BeXRBs in the SMC (after Rajoelimanana et al. 2011)
and in the Milky Way respectively (after Townsend et al. 2011). For the eccentricities we
use data from Townsend et al. (2011) for BeXRBs in the SMC (dotted red) and Milky
Way (dashed green). The error bars indicate the 1σ standard deviation for each of the two
parameters within each spectral-type bin.
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Figure 2.7: Cumulative distributions of the spectral types, orbital periods (Porb), and
eccentricities (e) for BeXRBs in the MW (solid blue) and the SMC (dashed green). For
the spectral-type distributions the data come from this work, McBride et al. (2008), and
Antoniou et al. (2009a), while for the MW we take the data from the review paper of Reig
(2011). Data for the Porb of BeXRBs in the SMC are taken from Rajoelimanana et al.
(2011), and for the MW from Townsend et al. (2011). For the e we take all data (for both
SMC and MW) from Townsend et al. (2011). The Kolmogorov-Smirnov test probabilities
are given over each plot. We find marginal evidence for difference between the spectral
type distributions of SMC and MW BeXRBs (at ∼99.9% confidence), while we do not find
any evidence for difference in the distribution of the orbital parameters (Porb, e) in SMC
and MW BeXRBs (see Section 2.6.2).
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2.6.3 The case of the supergiant B[e] source CXOU
J005409.57-724143.5

2.6.3.1 Optical and Infrared properties

The optical counterpart of source CXOU J005409.57-724143.5 (CH6-20) is classified
in this work as a supergiant star. If the X-ray source is an accreting binary, it would
be only the second to be found in the SMC after SMC X-1 (Webster et al., 1972).
Its optical counterpart is star LHA 115-S 18 (Henize, 1956) also known as AzV 154
(Azzopardi et al., 1975), a well known bright emission-line star that has been studied
systematically since 1956 (Massey & Duffy 2001; Morris et al. 1996; Shore et al. 1987;
van Genderen & Sterken 2002; Zickgraf et al. 1989, and references therein), and more
recently in Clark et al. (2013). In Fig. 2.8 we present a finding chart of the X-ray
source and its corresponding optical counterpart.

According to the classification criteria for supergiant B[e] stars (Lamers et al., 1998),
these objects exhibit strong Balmer emission lines (usually with P Cygni profiles indi-
cating mass loss), low excitation permitted and forbidden lines (e.g. FeII), and strong
near or mid-infrared excess (due to hot circumstellar dust). Moreover, they are rather
stable photometrically (variation of the order of ∼0.1-0.2 mag) and spectroscopically,
unlike the S Doradus / Luminous Blue Variable (LBV) stars which exhibit similar
spectra (Zickgraf et al., 1986).

As discussed in Section 2.5.2, star S 18 presents the typical spectral characteristics
of B[e] stars. In addition, it is very bright in the near-IR showing a very large color
excess of J-[3.6µm]=3.17±0.05 mag, compared to the main sequence and supergiant B
stars (most Be stars show a color excess of J-[3.6µm]∼ 0.8 mag; Bonanos et al. 2010).

In Fig. 2.9 we present the light curve of star S 18, using the OGLE-II data in
the I filter (as discussed in Section 2.3.2), clearly indicating a highly variable source.
In addition, S 18 exhibits spectroscopic variations (e.g. in the lines of HeII λ4686,
CIV λ1550, NIV λ1487; Shore et al. 1987). This is in contrast with the photometric
stability of typical sgB[e] stars, and it is more similar to the strong variability of LBV
stars (e.g. Zickgraf et al. 1986). However, there is growing evidence that the sgB[e] and
the LBV sources are not distinct classes (Clark et al., 2013; Morris et al., 1996; van
Genderen & Sterken, 2002). In order to investigate if it is an accreting binary source
we searched for modulation of its optical emission resulting from an orbital period.
Due to the significant variability, we detrended the light curve following Schurch et al.
(2011), by fitting a 2nd order polynomial to each year-long segment of the data. Then
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E
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Figure 2.8: Finding chart of source CXOU J005409.57-724143.5 (or CH6-20 in Antoniou
et al. 2009b) from an OGLE-III I-band image (Udalski et al., 2008). The dimensions
of the field are 24.7"×24.7". The cyan circle indicates the positional error-circle of the
Chandra source (1.5" radius, see Antoniou et al. 2009b for details) and the magenta x-
symbol indicates the location of star number 7 from the OGLE-III SMC105.6 map, which
is spatially coincident with star LHA 115-S 18 (Henize, 1956).

we obtained the Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982) for the entire
detrended light curve. We did not find any periodicity at the 90% confidence level in
agreement with the results of Clark et al. (2013). The significance level was estimated
by simulating light curves based on the noise characteristics of the data and repeating
the analysis for each simulated light curve.

2.6.3.2 X-ray properties
In order to explain the spectral variations of S 18, Shore et al. (1987) suggested the
presence of a hot companion, possibly a helium star or a neutron star. But no further
evidence of such an object existed as the X-ray observations at the time were not sen-
sitive enough to observe any emission from accretion onto a putative compact object.
Nowadays, Chandra and XMM-Newton are able to routinely detect sources with X-ray
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Figure 2.9: OGLE-II I-band light curve of the optical counterpart of source CH6-20
(ROSAT observations were obtained before the OGLE-II survey, while Chandra and XMM-
Newton observations were obtained later). The horizontal line indicates the median value
of ∼ 12.6 mag, and the errors on the photometric points are 0.003 mag. The observed
aperiodic variability is larger than what expected for a normal supergiant B[e] star and it
is more similar to the variability that Luminous Blue Variables display (see Section 2.6.3.1).
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Figure 2.10: J-H vs. H-Ks color-color diagram of BeXRBs with available 2MASS data.
Black dots show sources from our sample and gray dots show sources from the samples of
McBride et al. (2008), and Antoniou et al. (2009a). We present also X-ray sources with
a known sgB[e] companion (triangles) and the highly obscured sgXRBs identified so far
by INTEGRAL (cyan polygons; Manousakis 2011). Our source CH6-20 is presented as a
purple diamond.
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luminosities down to ∼ 1033 erg s−1 at the distance of the SMC (with 10-30 ks expo-
sures) and have succeeded in detecting source CXOU J005409.57-724143.5 (CH6-20)
which is spatially coincident with star S 18. In the study of Antoniou et al. (2009b) its
proposed optical counterpart is star O_6_311169 (00:54:09.53, -72:41:42.9) from the
OGLE-II catalog (Udalski et al., 1998), or Z_2611188 (00:54:09.57, -72:41:42.9) from
the Magellanic Clouds Photometric Survey (MCPS) catalog (Zaritsky et al., 2002),
which is coincident with star S 18. With this work we confirm that the optical coun-
terpart of the source CXOU J005409.57-724143.5 (CH6-20) is the supergiant B[e] star
S 18.

This source has only been detected in the X-ray band in only two epochs (see Sec-
tion 2.3.3). The lack of previous detections with ROSAT or Einstein indicate that
it is persistently at a low luminosity state (Lx < 1035 erg s−1) since at higher lumi-
nosities it would have been detected already in one of the several pointings with these
observatories. Although the intensity of CH6-20 is only ∼ 2σ above the background in
the Chandra survey, the independent XMM-Newton detection with a source-detection
likelihood of DET_ML=24.6 during the first XMM-Newton observation ensures that
the source is not spurious.

Next we discuss the X-ray properties of this source in the context of typical super-
giant wind-fed X-ray binaries. Assuming Bondi-Hoyle accretion from a stellar wind,
the X-ray luminosity of the compact object is given by (e.g. Longair 2011):

LX ∼ η
Ṁc2

4

(2GMX

α

)2
v−4
w , (2.1)

where η is the efficiency of the conversion of the rest mass energy of the accreted
matter into radiation (∼ 0.1), Ṁ is the mass-loss rate, c is the speed of light, G is
the gravitational constant, MX is the mass of the compact object, α is the separation
between the compact object and the donor star, and vw is the wind velocity. The
distance α can be calculated at the periastron from Kepler’s 3rd law:

α =
(
G

4π2 (MX +MOB)P 2
orb

) 1
3
× (1− e), (2.2)

where MOB is the mass of the donor OB star, Porb is the orbital period of the system,
and e is the eccentricity. For the donor star, Zickgraf et al. (1989) estimate a mass
of MOB ∼ 40 M�, a wind mass-loss rate of Ṁ ∼ 3 × 10−5 M� yr−1, and a velocity
of vw ∼ 750 km s−1. Since we have no information on the orbital parameters of
the system we take the typical (median) values for the orbital period (Porb ∼ 6.78d)
and eccentricity (e ∼ 0.17) for other known sgXRBs (from the data in table 7 of
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Townsend et al. 2011, for SMC and Milky Way systems). This results in a peak X-ray
luminosity at periastron of LX ∼ 1037 erg s−1. Keeping the same values for the orbital
period and eccentricity, but using instead the typical wind parameters for supergiant
stars in the SMC within the spectral range O9.5-B1 (Ṁ ∼ 8.4 × 10−7 M� yr−1 and
vw ∼ 1272 km s−1; Mokiem et al. 2007) we derive a luminosity of LX ∼ 7×1034 erg s−1.

The estimated peak LX at periastron from the values obtained from Zickgraf et al.
(1989) is too high for this source to remain undetected for so long. On the other hand,
when the values from Mokiem et al. (2007) are used, the estimated peak LX is consistent
with the measured luminosity and comparable to the detection limits of the Chandra
and XMM-Newton observations. However, the above luminosities correspond to the
peak LX for this source when the neutron star is located at periastron, assuming a
stable mass-loss rate. If the X-ray observations were obtained when the neutron star is
away from the periastron and/or a lower mass-loss rate phase (as for example it would
be expected from its significant optical variability) then the X-ray luminosity would be
even lower than that estimated above.

Furthermore, a clumpy wind with a high mass-loss rate may provide an alternative
interpretation for the nature of this source. In this case the high column density
towards the neutron star due to the wind may obscure its X-ray emission. A column
density of NH = 3 × 1024 cm−2 (assuming a power-law spectrum with a photon index
Γ=1.7 in the 0.5-7 kev energy band) would be enough to attenuate a source with
intrinsic LX = 1037 erg s−1 (which is the upper range in its X-ray luminosity based
on the parameters from Zickgraf et al. 1989) down to LX = 5.7 × 1033 erg s−1, while
an NH = 1 × 1024 cm−2 would be enough to attenuate a source with intrinsic LX =
7× 1034 erg s−1 (the luminosity expected from the parameters of Mokiem et al. 2007)
down to LX = 1.6 × 1033 erg s−1. Both of these estimates are half the value we found
with Chandra. However, we do have significant detection below 2 keV in both the
Chandra and XMM-Newton observations (6+3

−2 and 39±11 counts respectively), and
only upper limits or marginal detections above 4 keV, which do not allow us to set any
useful constraints on the spectral parameters of this source.

There is an emerging subclass of highly obscured wind-fed sgXRBs, discovered in
recent INTEGRAL observations (Walter et al., 2006). To date there are three known
X-ray sources with B[e] companions: IGR J16318-4848 (Filliatre & Chaty, 2004; Walter
et al., 2003), which is considered the prototype of highly obscured wind-fed sgXRBs,
CI Cam/XTE J0421+560 (Boirin et al., 2002; Clark et al., 1999), the first HMXB
with a sgB[e] companion, and Wd1-9 (Clark et al., 2008), a probable colliding-wind
system. Recently, Bartlett et al. (2013) presented a detailed study of CI Cam observed
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in 2003 with XMM-Newton. This system has a B0-2[e] supergiant companion (Clark
et al., 1999) and shows a heavily absorbed (NH ∼ 4.4× 1023 cm−2) power-law (Γ ∼ 1)
spectrum reaching LX ∼ 4.1× 1033 erg s−1 (3-10 keV) in quiescence. In 1998 it showed
an outburst reaching a flux of ∼ 4.8×10−8 erg cm−2 s−1 (2 Crab) in the 2-10 keV energy
band (Smith et al., 1998). Assuming a distance of 5 kpc, the outburst luminosity is
∼ 5.7×1036 erg s−1. The nature of the compact object in this system as well as in IGR
J16318-4848 is unclear (Bartlett et al., 2013), although there is some indication that
at least in the case of IGR J16318-4848 it might be a neutron star (Filliatre & Chaty,
2004).

The main difference of these systems from the "classical" sgXRBs is that they are
much more absorbed in the X-ray band. The compact object is deeply embedded in
the dense material of the wind and the absorbing column density changes during the
orbit (it may increase up to ten times close to the eclipse; Manousakis & Walter 2011).
Moreover, material away from the compact object (like the material around the sgB[e]
star) may contribute to the absorption (e.g. as in IGR J16318-4848; Walter et al. 2006).
In this case the source exhibits strong IR excess, attributed to free-free and bound-free
emission from hydrogen in a circumstellar envelope (or disk; Wisniewski et al. 2007).
At longer wavelengths such as those observed by Spitzer, the IR excess indicates the
presence of warm dust in the circumstellar envelope or the disk. In Fig. 2.10 we present
the location of source CH6-20 in a near infra-red (NIR) color-color diagram. This plot
is an updated version of fig. 4 by Graus et al. (2012), where in addition to the BeXRBs
we include all highly obscured sgXRBs identified so far by INTEGRAL. These sources
show luminosities in the 1033 − 1034 erg s−1 range, they are highly variable and they
have absorbing column densities in the 1023 − 1024 cm−2 range. We find that source
CH6-20 shows redder NIR colors than the other BeXRBs which place it closer to the
colors of the obscured supergiant HMXBs.

An alternative scenario for the nature of the CH6-20 is that it is a colliding-wind
binary (e.g. Pollock 1987). These systems consist of two orbiting massive stars in
orbit, and their low luminosity X-ray emission (LX ∼ 1033 − 1034 erg s−1) is produced
by shocks at the collision front of the winds. Clark et al. (2013) point out that although
S 18 (CH6-20) and the wind-fed sgXRB CI Cam exhibit many similarities, their long
term photometric and spectroscopic behaviors are not quite the same, and argue for
a colliding-wind nature for the former system instead of an accreting binary. This
is supported by the location of source CH6-20 in the NIR color-color diagram (Fig.
2.10) which is also consistent with that of the colliding-wind system Wd1-9 (Clark
et al., 2008) and their similar X-ray luminosity (unabsorbed LX ∼ 4× 1033 erg s−1 for
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Wd1-9, in the 0.5-8 keV band; Clark et al. 2008). The luminosities of both CH6-20
and Wd1-9 are well within the range of colliding-winds systems (∼ 1032 − 1035erg s−1,
Gagné et al. 2012; Stevens et al. 1992). Although colliding-wind systems also have
hard X-ray spectra, a possible discriminating feature from accreting pulsar binaries is
that the spectra of the former have a cutoff at ∼10 keV, and they show effectively no
photons with energies above 10 keV (Pollock, priv. comm.). Unfortunately the weak
X-ray emission of this source does not allow us to detect any X-ray photons above
2 keV. This in combination with its highly variable optical light curve that does not
allow us to measure its orbital parameters, hamper the distinction between these two
scenarios. However, if the heavily obscured sgB[e] scenario proves to be correct then
CXOU J005409.57-724143.5 (CH6-20) / S 18 will be the first extragalactic heavily
obscured sgXRB, and the second sgXRB in the SMC.

2.7 Conclusions
In this paper we presented our results from optical spectroscopic observations of the op-
tical counterparts of X-ray sources detected in the Chandra and XMM-Newton surveys
of the SMC. We used the AAOmega spectrograph at the Anglo-Australian Telescope to
observe sources identified in Zezas (in prep.) and Antoniou et al. (2010, 2009b), with
the aim to identify new HMXBs and determine their spectral types. We identified 5
new BeXRBs and 1 known supergiant system which we associate with an X-ray source.
We confirmed the previous classifications (within 0.5 spectral type) of 12 sources, while
for 3 sources our revised classification, with higher resolution and S/N data, result in
later (by 1-1.5 subclass) spectral types.

We were able to classify BeXRBs with X-ray luminosities over 3 orders of magnitude.
The selection of the parent sample from Chandra and XMM-Newton observations of
the SMC, allows us to extend our census of BeXRBs to almost quiescent luminosities.
A comparison of the populations of BeXRBs in the SMC and the Milky Way with
respect to their spectral types reveals a marginal evidence for difference. However,
we find no statistically significant differences for their orbital parameters (periods and
eccentricities). This result further supports other lines of evidence for similar supernova
kick velocities between the low metallicity SMC and the Milky Way.

Finally, we discuss the X-ray, optical, and infrared properties of source CXOU
J005409.57-724143.5. This intriguing source is associated with the well known super-
giant star LHA 115-S 18. Its optical and X-ray properties do not allow us to distinguish
between a colliding-wind system or a supergiant X-ray binary. If the second scenario
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proves to be correct, then this source would be the first extragalactic supergiant X-ray
binary with a B[e] companion.
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3
Towards an automated spectral

classifier

3.1 Introduction
Be X-ray Binaries (BeXRBs) are a sub-class of High-Mass X-ray Binaries which consist
of a compact object, typically a neutron star, and a massive companion of Be type
(Rivinius et al., 2013). This companion is the donor of the material that is accreted
by the compact object producing the X-ray emission (see the review by Reig 2011).
Contrary to the X-ray band, where the emission is produced by the accretion flow on
the compact object, it is the donor star that dominates the emission in the optical
domain. Studies of BeXRBs in this wavelength range can reveal physical properties
(e.g. masses of the two components, orbital period, eccentricity) that are fundamental
for understanding their formation and evolution (Tauris & van den Heuvel, 2006).

Generally BeXRBs are first detected as X-ray sources and their nature is confirmed
later from narrow-band imaging or even better spectroscopic observations. Therefore,
dedicated spectroscopic observations of BeXRBs allow for the verification of the nature
of the donor and the determination of its spectral type. Statistical studies of large
samples of BeXRBs, with respect to their spectral-type/mass distributions, allow us
to investigate differences between different populations (e.g. BeXRBs in our Galaxy
and the Magellanic Clouds) and understand their evolution (Antoniou et al., 2009a;
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Maravelias et al., 2014; McBride et al., 2008). Unfortunately, spectral classification in
these studies (and in general spectral classification of stars) is qualitative, based on the
presence or absence of diagnostic lines and suffers from subjectivity, despite the power
of the human eye as a pattern recognition classifier. The best way to overcome this
limitation is to use objective, preferably automated, methods based on quantitative
measurements of spectral features.

Previously proposed algorithms in this direction, have been based either on the
evaluation of specific criteria (e.g. spectral features) or on pattern recognition (see
review by von Hippel et al. 1994b). The former approach resembles what a human
classifier actually performs when visually examines a spectrum and assesses the presence
of spectral lines. In the latter case the whole spectrum (or parts of it) is compared to
a library of templates and then non-linear algorithms are used to identify the template
that minimizes the distance from the observed spectrum, with prime example being the
application of Artificial Neural Networks (Duan et al. 2009; Gulati et al. 1996; Navarro
et al. 2012; von Hippel et al. 1994a). In addition, there is a number of techniques that
combine measurements of spectral features with photometric properties (e.g. Allende
Prieto et al. 2006).

The challenge for all these methods has been the automated classification over
a wide range of spectral types (O- to M-type), where stars present a wide range of
characteristic lines. The criteria-evaluation techniques have difficulty to account for all
spectral features in a such wide range of spectral types. On the contrary, template-
matching (cross-correlation) techniques are more flexible as they tend to identify how
similar is an observed spectrum to a template spectrum. However, these techniques
need template and test observed data of similar qualities (e.g. wavelength coverage,
resolution, SNR), which is not typical for data from different observing facilities and/or
strategies.

Even worse, in our case the Be-star donors in BeXRBs exhibit Balmer lines in
emission1 (e.g. Porter & Rivinius 2003; Rivinius et al. 2013). The emission is due to
the ionization of the circumstellar disk, which is believed to result from the fast stellar
rotation (Ekström et al., 2008; Meynet & Maeder, 2000; Townsend et al., 2004). The
variable size of the circumstellar disk (in timescales of months) leads in variable Balmer
lines Okazaki (1997). Therefore, Be stars (and BeXRBs) can be found in a state of
pure absorption lines (absent circumstellar disk), to a state of no visible lines at all
(when the emission is equally intense with the absorption), or even to strong emission
lines (fully developed disk). This variability does not allow use of the key set of Balmer

1This is denoted in the spectral type by the index "e" (e.g. B2e).

62



3.2 Methodology

lines for spectral type classification.
Our initiative is an attempt to develop an automated spectral classifier for the

O- and B-type stars, based on the spectral classification criteria developed for these
sources in our Galaxy (Walborn & Fitzpatrick, 1990) or in a low metallicity environment
such as the Small Magellanic Cloud (SMC; Evans et al. 2004). We identified a set of
diagnostic spectral lines to use as indicators of the different spectral subtypes. We
use the equivalent widths of these lines in our diagnostic scheme, since they are a
robust quantity for comparisons between spectra taken under varying circumstances
(e.g. instruments used) and different formats (normalized or not). We developed two
classification methods, established on totally different approaches: (a) a continuous
approach based on the continuity of temperature as the physical quantity that drives
the strength of the lines defining each spectral type (presented in Section 3.3), (b) a
statistical approach of the data based on the application of the Naive Bayes Classifier
on the distribution of the EW of the diagnostic lines (presented in Section 3.4.1).
This method has been already applied in the classification of X-ray sources in the
Carina region, combing information from optical and X-ray spectra, near- and mid-IR
brightness, and the spacial distribution of sources (Broos et al., 2011).

3.2 Methodology

3.2.1 Samples
In this study we have used two sets of samples: the first to define the diagnostic scheme
(training samples) and the second to test the methods (test samples).

3.2.1.1 Training samples
In order to develop classification diagnostics based on spectral lines we first define the
template spectra to use (training samples). We are interested in features in the blue
part of the optical regime (∼ 3800− 5000 Å), since these are most useful in identifying
spectral types (e.g. Walborn & Fitzpatrick 1990). In addition, we select spectra with
resolution better than 5 Å, to resolve the HeI λ4471 and MgII λ4481 lines. Since the
strength of the spectral lines depends on the metallicity we define two training samples:
one based on Galactic stars, and one based on lower metallicity stars observed in the
SMC (at 1/5 of the Gallactic metallicity).

Our Galactic training sample consists of spectra obtained from:
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(a) the atlas of OB spectra by Walborn & Fitzpatrick (1990), which provides an
observational catalog and detailed classification criteria for earlier than O9-type
stars (which did not exist in the MK classification),

(b) the reference book of Gray & Corbally (2009), who discuss in detail the classifi-
cation schemes for all types of stars, and

(c) data from the compilation of Jacoby, Hunter, & Christian (1984), obtained from
the Stsdas/Synphot package1.

The SMC training sample was provided by C. Evans (2014; private commun.), as
derived from the extensive spectroscopic survey of Evans et al. (2004) who focused
on the accurate classification of a large sample of B- and A-type stars, along with
a substantial number of O-type stars. However, the main sequence B-type stars are
limited down to approximately mid-B types, since sources later than these are fainter
and as such more difficult to obtain good quality spectra.

The selected spectra have a resolution of ∼0.8-3 Å allowing an accurate measure-
ment of the diagnostic lines. We used only sources of IV-V luminosity class, to better
reflect the luminosity class of BeXRBs. The final sample includes 40 Galactic sources
(of which 12 are from Walborn & Fitzpatrick 1990, 11 from Gray & Corbally 2009,and
17 from Jacoby et al. 1984) and 254 SMC sources (from Evans et al. 2004). In general,
the spectral coverage of the training samples is between the O5-B9 types, but not ad-
equately representative of the late B-type stars (there are 8 sources later than B4 in
each of the Galactic and SMC samples, corresponding to 20% and a mere 3% of the
total Galactic and SMC training sample, respectively).

3.2.1.2 BeXRB test samples

In order to test our classification methods we used samples of BeXRBs in our Galaxy
and the SMC. The Galactic BeXRB sample consists of 5 sources, for 3 of which there
are pairs of spectra, observed with different telescopes and different SNR (Reig 2014;
private commun.). We consider these spectra as individual sources, and we treat the
Galactic BeXRB sample as having 8 sources. The SMC sample consists of 19 sources,
which have been previously visually classified (Maravelias et al., 2014).

1http://www.stsci.edu/institute/software_hardware/stsdas/synphot
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3.2.2 Spectral line selection
The MK system of stellar spectral classification (e.g. Gray & Corbally 2009) is based on
the presence and the relative intensity of characteristic spectral lines along the spectral
type sequence. This sequence is actually a sequence of decreasing temperature, which
is the basic physical parameter that determines the relative strength of the spectral
lines. In the hottest, O-type stars, their spectra are dominated by the HeII lines, while
as we move forward to B-type stars they disappear. The HeI lines peak close to B2-
type stars and they disappear as we move further to A-type stars, where Balmer lines
are dominant (peaking at A2). As we proceed from the hottest to coolest stars more
metallic lines become apparent.

In our analysis, and particularly the application of the classification methods to
BeXRBs, we cannot take advantage of the Balmer series, as they exhibit strong vari-
ability, due to the presence of the cirumstellar disk (Porter & Rivinius, 2003; Rivinius
et al., 2013). The disk affects also the HeI lines but the effect is less significant compared
to the Balmer series (Reig & Zezas, 2014).

We selected to use a set of 8 spectral lines: the HeII lines λλ4200,4551, and 4686 lines
(indicative of O-type stars), the HeI λλ4144,4387, and 4471 lines (strongest around ∼B2
spectral type), the MgII λ4481 line (indicative of late B-type stars), and the OII+CIII
λλ4640-4650 blend (present in the early B-type stars). These are the strongest and
most clear lines facilitating their automated measurement. In contrast other lines are
not sufficiently strong: e.g. the Si lines do help to distinguish between the different
subtypes (e.g. Si III λ4553 is present from B1.5 to B4 subtypes) but it has been proved
rather difficult to measure with precision, especially in low metallicity such as the SMC.
This is further supported from our previous experience (Maravelias et al., 2014), which
showed that indeed with visual spectral classification these lines are hard to identify.

3.2.3 Equivalent width measurements
In order to quantify the intensity of the spectral lines we measured their equivalent
widths (EWs hereafter). The EWs provide a direct way to compare the strength of
different spectral lines for several spectra regardless if they are in raw counts, flux, or
rectified flux (i.e. normalized by a spline or polynomial to remove the curvature of the
spectrum). It is defined as the width of the continuum region needed that contains the
same flux as the spectral line examined. Hence:

EW =
∫ λ2

λ1

Fcont(λ)− Fline(λ)
Fcont(λ) dλ = (λ2 − λ1)−

∫ λ2

λ1

Fline(λ)
Fcont(λ) dλ, (3.1)
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Table 3.1: Classification criteria for B-type stars in the SMC from Maravelias et al. (2014)
and Evans et al. (2004).

Line identifications Spectral Type
HeII λ4200,HeII λ4541,HeII λ4686 present earlier than B0
HeII λ4541 and HeII λ4686 present, HeII λ4200 weak B0
HeII λ4200 and HeII λ4541 absent, HeII λ4686 weak B0.5
HeII λ4686 absent, SiIV λλ4088,4116 present B1
SiIV λ4116 absent, SiIII λ4553 appear B1.5
OII+CIII λ4640-4650 blend decreases rapidly later than B1.5
SiIV and SiII absent, MgII λ4481 < SiIII λ4553 B2
MgII λ4481 ∼ SiIII λ4553 B2.5
MgII λ4481 > SiIII λ4553 B3
OII+CIII λ4640-4650 blend disappears, later than B3
OII λ4415-4417, NII λ4631 disappear
clear presence of HeI λ4471 and absence of MgII λ4481 earlier than B5
SiIII λ4553 absent, SiII λ4128− 4132 < HeI λ4121, B5
HeI λ4121 < SiII λ4128− 4132 < HeI λ4144, B8
MgII λ4481 6 HeI λ4471
HeI λ4471 < MgII λ4481, B9
FeII λ4233 < SiII λ4128-4132
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where λ1, λ2 are the initial and final wavelength over which the line flux is calculated,
and Fcont, Fline are the continuum and spectral-line flux density, respectively.

However, the spectral density is measured on individual pixels, which are quantized
quantities and their relation with wavelength is given by the dispersion of the spectrum
(d). Thus, we can transform the previous equation as:

EW = d×N −
N∑
i=1

Flinei
Fconti

d = d×N − d× 1
C

N∑
i=1

Flinei (3.2)

where the flux of the continuum is considered constant (C) over the wavelength range
of N pixels of the line. The wavelength range of the spectral lines has been selected
after visual inspection, in order to select the optimal initial and final wavelength values
to use. This allows us to easily measure the total flux of the spectral line as the sum of
the pixel values included within the λ1−λ2 region. For the estimation of the continuum
flux density we are using the value at the central wavelength of the line based on linear
interpolation of the continuum intensity from regions at the blue and red sides of the
line:

C = Cblue + Cred − Cblue
λred − λblue

(λline − λblue) (3.3)

where Cblue and Cred are the average values for the continuum flux density at the blue
and red sides (in Å/px), and λblue, λred, and λline are the central wavelengths of the
blue and red continuum, and the line regions respectively (see Figure 3.1). Although
fitting an analytic function to the spectral line could give more accurate results this
method allow us to measure very easily a large number of spectral lines.

After visual inspection we defined the appropriate wavelength ranges for the spec-
tral lines and their continuum regions, making sure that they did not include other
lines (even weak) or artifacts (e.g. sky lines). These ranges are presented in Ta-
ble 3.2. We run the analysis for all lines but we select to keep the measurements
only for the strongest and most characteristic lines: HeII λλ4200, 4551, 4686, HeI
λλ3133, 4387, 4471, MgII λ4481, and OII+CIII λλ4640− 4650 lines (see Section 3.2.2).
Even though the HeI λ4387 line is not among the criteria presented in Table 3.2, we
decided to use it as it generally follows the behavior of the other HeI lines. Moreover,
it is easier to measure its intensity in comparison to other HeI lines which reside close
to other lines or their corresponding continuum regions are further away from the line
(e.g. the HeI λ4144 line, see also figure 4.1 in Gray & Corbally 2009).
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Figure 3.1: Example of the regions used to measure the EW for the lines HeI λ4471 (cyan)
and MgII λ4481 (green) and their corresponding blue and red continuum (gray). First, we
calculate the mean continuum intensity at the center of each continuum side (Cblue and
Cred respectively), and then we perform a linear interpolation between the two points (red
dashed line). Using this fit we calculate the continuum flux density at the center of each
spectral line (C1,C2).
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Table 3.2: Wavelength ranges for the spectral line measurements and their continuum
regions. The spectral lines used in our analysis are highlighted.

Line ID/ Spectral line Continuum blue Continuum red
λcentral λstart λend λstart λend λstart λend

(Å) (Å) (Å) (Å) (Å) (Å) (Å)
CaIIK/3928 3924 3932 3908 3922 3935 3955
HeI/4009 4004 4016 3935 3955 4035 4060
HeI/4026 4017 4035 3935 3955 4035 4060
SiIV/4088 4084 4091 4035 4060 4150 4190
SiIV/4116 4113 4118 4035 4060 4150 4190
HeI/4121 4118 4125 4035 4060 4150 4190
SiII/4130 4125 4135 4035 4060 4150 4190
HeI/4144 4140 4150 4035 4060 4150 4190
HeII/4200 4190 4207 4150 4190 4238 4260
FeII/4233 4229 4237 4150 4190 4238 4260
HeI/4387 4378 4395 4360 4380 4398 4411
OII/4416 4412 4421 4398 4411 4440 4460
HeI/4471 4462 4477 4440 4460 4495 4535
MgII/4481 4477 4488 4440 4460 4495 4535
HeII/4541 4537 4547 4495 4535 4580 4620
SiIII/4553 4548 4558 4495 4535 4580 4620
OII+CIII/4645 4635 4655 4600 4630 4660 4670
HeII/4686 4679 4692 4660 4670 4737 4747
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3.3 The Continuous Fit approach

3.3.1 Framework
The stellar spectral classification is a sequence of decreasing temperature, the physical
property which drives the presence and strength of spectral lines. Since there is a
smooth temperature transition between spectral types, there is also a smooth transition
in the intensities of spectral lines: for example Balmer lines are present from O- to M-
type with peak intensity at A-type stars, the HeII lines are present only in O- with
declining intensity towards later spectral types down to B-type stars.

Therefore, we investigate possible correlations between the EW of the different spec-
tral lines and the spectral type, in order to derive diagnostics for spectral classification.

3.3.2 Description of the method
For different ranges of spectral types we can define combinations of spectral lines for
which we plot the EW of one against the other. Objects of different spectral types or
subtypes (hereafter referred generally as "spectral types") occupy different locations on
this diagram (Figure 3.2). To determine the spectral type of a source one would simply
need to identify the locus of the different spectral types in this diagram. However,
the visual identification of the boundaries for the various spectral types is complicated
because of the continuous variation of the line EW, intrinsic scatter and uncertainty
measurements. We overcome this by fitting this correlation between the EW of each
pair of diagnostic lines. In such a fit the spectral type in given by the location along the
best-fit line. In Figure 3.2 we plot the EW of the HeII λ 4200 and the HeI λ 4471 lines
for the Galactic training sample of Be stars. On the same plot we show the spectral
types of sources as determined in the training sample. We clearly see a trend for earlier
spectral types as we move from the top left to the bottom right corner of the diagram
(highlighting areas occupied by indicative groups of spectral types). The same trend
is seen in diagnostics involving other spectral types. Therefore, we could identify the
spectral type of a sources based on its projected location on the best-fit correlation
between the EW of the two spectral types. In order to measure this location we define
an arbitrary point on the best-fit line, with respect to which we measure the distance
along the line.

Since in our formulation we are treating the spectral types as a continuous quantity
we convert them into numerical values by replacing the spectral type with "1" for O-
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Figure 3.2: Example of a linear correlation between the EWs of the HeII λ4200 and the
HeI λ4471 lines, for sources obtained from the Galactic training sample. We can identify
the different-shaded loci for some groups of spectral types. The significant scatter is due to
the intrinsic scatter of the data and measurement uncertainties (particularly at the spectral
types with weakest lines)

type sources, and "2" for B-type sources, respectively, followed by their subtype (e.g.
O8.5 corresponds to 18.5, B2 to 22.0).

The linear model fit (green line in Figures 3.2 and 3.3) is defined as:

y = ax+ b, (3.4)

where (x, y) are pairs of EW for each pair of diagnostic lines. Then if the reference
point is (x0, y0) its Euclidean distance from any other point (x, y) is:

dpp(x, y) =
√

(x− x0)2 + (y − y0)2, (3.5)
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Figure 3.3: Determination of the distance di (red arrows) along the linear fit (green line)
between the EW of the diagnostic lines (blue points) for data points (xi, yi) with respect
to an arbitrary reference point (x0, y0). We also show the Euclidean distance dppi of each
point (xi, yi) from the reference point (x0, y0), as well as their orthogonal distance dpli
from the best-fit line. (See Section 3.3.2) for details.)
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and the orthogonal distance between the same point and the fitted line1 is:

dpl(x, y) = |ax− y + b|√
a2 + 1

. (3.6)

The "distance" d along the fitted line between the reference point (x0, y0) and the pro-
jection of point (x, y) on the best-fit line is found by combining the previous equations
into:

d(x, y) =
√
d2
pp − d2

pl =

√
(x− x0)2 + (y − y0)2 − (ax− y + b)2

a2 + 1 (3.7)

The point (x0, y0) is arbitrarily defined with the only requirement that it is located on
the fitted line. For simplicity and to avoid complexities (e.g. negative distances) we
selected this point to be the intercept of the line with the y-axis (0, b) (red point in
Figure 3.3), so we have:

d(x, y) =

√
x2 + (y − b)2 − (ax− y + b)2

a2 + 1 . (3.8)

If we now replace the variables x, y with the EWs (for the different spectral lines), we
can determine a unique distance d for each pair of EWs:

d(EW1, EW2) =

√
EW 2

1 + (EW2 − b)2 − (aEW1 − EW2 + b)2

a2 + 1 . (3.9)

What we have accomplished is to transform the spectral type dependence of the
EWs into a one-dimensional parameter that is a function of the spectral type. This
becomes more clear if we plot the distance d along the best-fit line shown in Figure
3.2 against the spectral types of the training sample (Figure 3.4). We can see that we
are able to distinguish the different spectral types based on their distance d along the
fitted line for the EWs. Even though there is scatter in the data we are able to perform
a second-order polynomial fit:

d(sp) = k1sp
2 + k2sp+ k3. (3.10)

where sp corresponds to the continuous spectral type variable. Since we are able to
define the distance d from Equation 3.9, we can easily transform the previous equation
to:

k1sp
2 + k2sp+ (k3 − d(EW1, EW2)) = 0. (3.11)

1The orthogonal distance of a point (x, y) from a line C1x+ C2y + b = 0 is defined as:

dpl = (|C1x+ C2y + C3|)/
√
C1

2 + C2
2.

In our case (see Equation 3.4) C1 = a, C2 = −1, and C3 = b.
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Figure 3.4: The distance d along the linear fit of the EWs for the HeII λ4200 and the HeI
λ4471 lines, for the Galactic training sample, presented in Figure 3.2. We can easily see
how well the distance represents the different spectral types. The red line is a 2nd order
polynomial fit. (See Section 3.3.2 for details).
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This is a quadratic equation, the roots of which represent two possible spectral types:

sp = −
k2 ±

√
k2

2 − 4k1(k3 − d(EW1, EW2))
2k1

. (3.12)

By substituting d from Equation 3.9 we finally have:

sp = − k2
2k1
± 1

2k1

√√√√
k2

2 − 4k1(k3 −

√
EW 2

1 + (EW2 − b)2 − (aEW1 − EW2 + b)2

a2 + 1 ).

(3.13)
The above equation gives us the capability to estimate the spectral type of a source by
simply inserting the EW of the spectral lines of interest as measured directly from its
spectrum, since the parameters in the equation (a, b for the EW linear fit, and k1, k2, k3

for the 2nd-order fit of distance d) are defined already from fitting Equations 3.9 and
3.10 to the training samples.

3.3.3 Defining the spectral type
It is clear from Equation 3.13 that a pair of lines can give us two equally possible
spectral types. Without any further constraint we are unable to discriminate between
the two solutions.

However, we can overcome this limitation by including in our analysis additional
spectral lines. In the scheme presented here we use 8 spectral lines (presented in Section
3.2.2 and highlighted in Table 3.2) in 4 combinations. The combinations have been
selected in order to have the best discriminating power, since there are line combinations
that give degenerate solutions. We present the corresponding fits of Equations 3.9 and
3.10 obtained for the SMC and the Galactic training samples in Figures 3.5-3.8 and
3.9-3.12, respectively. From these, we determined the best-fit parameters a, b, k1, k2, k3

(c.f. Equation 3.13), which are presented in Table 3.3.
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Figure 3.5: Calibration fits for the Continuous Fit method, for the SMC training sample
(254 sources). Top panel: the linear fit between the EW data (in Å) for the HeI λ4387
and OII+CIII λ4640-4650 diagnostic lines. Bottom panel: the 2nd-order polynomial fit of
the distance d (Equation 3.10) along the best-fit line in the top panel against the spectral
type. The bottom panel in each figure shows the fit residuals.
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Figure 3.6: As in Figure 3.5, for the MgII λ4481 and HeII λ4541 diagnostic lines.
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Figure 3.7: As in Figure 3.5, for the HeII λ4200 and HeI λ4471 diagnostic lines.
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Figure 3.8: As in Figure 3.5, for the HeI λ4144 and HeII λ4686 diagnostic lines.
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Figure 3.9: As in Figure 3.5, but for the Galactic training sample (40 sources). The
comparison is between the HeI λ4387 and OII+CIII λ4640-4650 diagnostic lines.

80



3.3 The Continuous Fit approach

−0.2

0.0

0.2

0.4

0.6

0.8

EW
 fo

r H
eI

I/4
54

1.
0

linear fit
EW data

−0.2 −0.1 0.0 0.1 0.2 0.3 0.4 0.5
EW for MgII/4481.0

−0.6
−0.4
−0.2

0.0
0.2

re
si

du
al

s

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Di
st

an
ce

 a
lo

ng
 th

e 
EW

 fi
t l

in
e

distance data
2nd order fit

14 16 18 20 22 24 26 28 30
Spectral Type

−0.4
−0.2

0.0
0.2

re
si

du
al

s

Figure 3.10: As in Figure 3.9, for the MgII λ4481 and HeII λ4541 diagnostic lines.
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Figure 3.11: As in Figure 3.9, for the HeII λ4200 and HeI λ4471 diagnostic lines.
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Figure 3.12: As in Figure 3.9, for the HeI λ4144 and HeII λ4686 diagnostic lines.
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Application of this method to each of the 4 different pairs of diagnostic lines gives
two solutions from which we have to select the most probable one. We first exclude
solutions outside the region in which each diagnostic is defined. Then, we construct a
list of all possible solutions1 for each star. Since there is not a direct way to choose a
single preferable value from the obtained solutions, it is reasonable to assume that the
most likely spectral type will be that for which most diagnostics agree. To identify this
solution and its uncertainty we follow this procedure: (i) we create all different combi-
nations of solutions, since all different diagnostics are equivalent (ii) we calculate their
numerical differences (that corresponds to spectral-type difference of the two solutions
considered each time), (iii) we sort the solutions according to their difference, (iv) we
select solutions with differences smaller than 4 (from the scatter of the datapoints in
the training samples (e.g. see Figures 3.5 and 3.9) we deduce that the uncertainty is
typically ∼2 spectral types; for some pairs of lines it could be larger, but it is counter-
balanced by the other diagnostics), and if this is not possible we select the next closest
solution, (v) we calculate the median value of the selected solutions. The last step gives
us the final spectral type of the source, while the resulting range from step (iv) gives
the uncertainty. A detailed example of the process is presented in Table 3.4.

3.3.4 Results

We tested this method by fitting separately the two training samples using the spectral-
line combinations and their parameters given in Table 3.3, and selecting the most likely
spectral type as described above. We plot the estimated spectral types for these sources
against those determined from visual line identification methods ("real" spectral types)
in Figure 3.13 (upper panel). Within the typical uncertainty of ∼2 spectral types we are
able to correctly classify 72% (182 out of 254 sources) and 68% (26 out of 40 sources)
of the SMC and the Galactic training samples, respectively.

It is interesting to point out that we obtain systematically similar success ratios for
the two samples. The Galactic sample is almost one sixth of the SMC sample and it
contains a significant number (10 sources, almost 25% of the sample) for which we do
not have EWs for the OII+CIII λ4645 and HeII λ4686 lines, since these lines were not
covered in the available spectra.

In the bottom panel of Figure 3.13 we present the classification results for the
BeXRB samples in the Galaxy and SMC. The method performs almost equally well,
classifying correctly within the two spectral uncertainty 58% (11 out of 19 sources) and

1Remember that the spectral types are converted to numerical values, see Section 3.3.2.
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Table 3.4: An example of the solutions provided with the Continuous Fit approach for
the source 2dF5044, classified as B0.5 IV by Evans et al. (2004).

List of all possible solutions [23.9, 20.1, 46.9, 20.2, 28.4, 20.9]
Pair of solutions Difference

(20.1, 20.2) 0.1
(20.2, 20.9) 0.7
(20.1, 20.9) 0.8
(23.9, 20.9) 3.0
(20.2, 23.9) 3.7
(20.1, 23.9) 3.8
(28.4, 23.9) 4.5
(20.9, 28.4) 7.5
(20.2, 28.4) 8.2
(20.1, 28.4) 8.3
(28.4, 46.9) 18.5
(23.9, 46.9) 23.0
(46.9, 20.9) 26.0
(20.2, 46.9) 26.7
(46.9, 20.1) 26.8

List of most probable solutions [20.1, 20.2, 20.9, 23.9]
Median value ± error 20.6 ± 1.9

Spectral type B0.6
Uncertainty range O8.7-B2.5
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Figure 3.13: A plot of the "real" spectral types of stars in the SMC (blue) and the Galaxy
(green) plotted against the spectral types determined from the Continuous Fit approach.
The spectral types are represented by integers, with numbers between 10-19 corresponding
to O stars and numbers between 20-29 corresponding to B stars (e.g. ’18’ corresponds to
O8-type, while ’22.5’ corresponds to B2.5-type). The red-dashed line represents the 1-to-1
correlation. We see that the spectral types determined from the Continuous Fit approach
agree well with the spectral types determined from detailed visual classification.

87



3. Towards an automated spectral classifier

63% (5 out of 8 sources) of the SMC and the Galactic BeXRBs, respectively.
These results are consistent with the errors in spectral classification obtained with

the Artificial Neural Networks applied by von Hippel et al. (1994a) (∼2 spectral types)
and Navarro et al. (2012) (∼2-3 spectral types). However, we have to acknowledge that
these works study a much wider range of spectral types.

3.4 The Naive Bayesian approach

3.4.1 Naive Bayes Classifier
In the previous sections we described a method to classify spectra based on a physical
parameter (temperature) that drives the different spectral features used as diagnostics.
However, the same features can be also treated statistically, and the different diagnostics
can be derived from the statistical distributions of these features in the sample spectra.
Moreover, in such a scheme data of diverse types may be combined to improve the
diagnostics. For example, Broos et al. (2011) have applied the Naive Bayes Classifier
to classify X-ray sources in the Carina region, combing information from optical and
X-ray spectra, near- and mid-IR brightness, and the spacial distribution of sources.
Next, we describe the Naive Bayes Classifier (Zhang, 2004) and its application to the
spectral classification of stars.

Bayes’ theorem (e.g. Wall & Jenkins 2012) provides us with a tool to quantify
how the probability of an event B changes under the knowledge of data A. If our
knowledge of the probability of an event before performing an experiment is p(B) (the
prior probability), and an experiment is designed so that the probability of obtaining
data A given the event B is p(A | B) (the likelihood), then the final probability of the
event given the data p(B | A) (the posterior probability) is:

p(B | A) = p(A | B)p(B)
p(A) (3.14)

where p(A) is the probability of the data (usually a normalization factor).
If the event B is a set of discrete classes Bj in which an object may belong to, then

based on the data A from an experiment we can calculate the probability that this
object belongs to a certain class if we know the probability distribution of the data for
each class p(A | Bj). If there are N features that can be used for this classification then
these probabilities can be combined to provide the likelihood that the object belongs
to each class Bj :

p(A1, A2, ..., AN | class = Bj) (3.15)
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The Naive Bayes Classifier (Zhang, 2004) simplifies the estimation of the joint like-
lihood, as it assumes that all features are statistically independent, i.e. the presence or
absence of any feature does not affect others. This is a valid assumption in our case
since the diagnostic lines are well separated. In this case we can rewrite Equation 3.15
for each class Bj as:

p(A1, A2, ..., AN | class = Bj)

= p(A1 | class = Bj)p(A2 | class = Bj) · · · p(AN | class = Bj)

=
N∏
i=1

p(Ai | class = Bj). (3.16)

The meaning of this equation is that the likelihood of an object belonging to the class
Bj is the product of the probability for each diagnostic feature Ai conditioned on the
class Bj . This method can be applied in our case of spectral-type classification of stars.

In this case, the available data Ai are the EW measurements performed for the
diagnostic spectral lines presented in Section 3.2.2 (also highlighted in Table 3.2), while
the classes Bj in which our sources are classified are the spectral types O5-B9 (15
classes). The independence of these measurements is true for all of the diagnostic
spectral lines used.1. Thus, the likelihood for a star of a given spectral type to have
a set of EWs for a series of diagnostic spectral lines is found from Equation 3.16, and
can be written as:

L = p(EW1, EW2, ..., EWn | spectral type)

= p(EW1 | spectral type)p(EW2 | spectral type) · · · p(EWn | spectral type)

=
n∏
i=1

p(EWi | spectral type). (3.17)

where n is an index that runs through the available spectral lines. If for any reason
(e.g. insufficient wavelength coverage) a line is missing we can simply ignore that line
from the calculation of the likelihood.

In order to estimate these likelihoods we need to define the probability distribution
p(EWi | spectral type) of EWs for a given line for a spectral type. Thus, based on the
line measurements for the SMC training sample we produced histograms of the line EW
measurements for different spectral types, which give us the likelihood to measure a

1Independence refers to the data/measurements. The presence of certain spectral lines is always
associated with the presence or absence of others (e.g. the HeII λ4200 and HeII λ4686 for O-type stars
are always present at the same time), which implies the underlying physical model we are looking for.
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certain value of EW for each spectral type. The definition of these empirical likelihood
functions is presented in Section 3.4.2.

According to Bayes’ theorem (Equation 3.14) we have to assign a prior probability
for each spectral type. As we do not have any initial preference for any spectral type
we opted to assign the same prior probability to all spectral types (p(spectral type) =
0.067), i.e. to divide the probability equally to all 15 examined spectral types within
the O5-B9 range.

Finally the posterior probability for each spectral type given the measurements of
EWi for n spectral lines will be the product of the prior and the likelihood probability
defined in Equation 3.17:

p(spectral type | EW ) =
∏n
i=1 p(EWi | spectral type)∑B9
j=O5 p(spectral typej | EW )

p(spectral type) (3.18)

where the denominator is the normalization factor, equal to the sum of all proba-
bilities.

3.4.2 Likelihoods
Regarding the calculation of the likelihood of the measured EWs given a specific spectral
type (see Equation 3.17), we first need to calculate the probability density function
(PDF) of the EW for each diagnostic spectral line for a given spectral type or range
of spectral types. For this, we build the normalized histograms of the EWs for each
diagnostic spectral line (Figures 3.14 - 3.20), where the bin size is determined based
on the number of available sources (Nbins = √nsources, rounded to its integer part;
Montgomery & Runger 2010, pg. 204). Then, the PDF for each line and each spectral
type is:

pbin = Nbin sources
Ntotal sources

(3.19)

where Nbin sources is the number of sources with EWs within this bin, and Ntotal sources

is the total number of sources used in the histogram for each spectral line and each
spectral type or range of spectral types.

In order to have sufficient number of sources to build the PDFs, when there were
not enough sources within a spectral type, we grouped sources from adjacent spectral
types1. When sufficiently large numbers of sources were available we split spectral
types to 0.5 spectral type ranges (applicable to O8- to B3-type sources from the SMC
sample).

1We use the following notation: a spectral type range Bx-By means that stars of spectral type Bx
and any between Bx and By are included but not stars of type By (i.e. the range [Bx,By)).
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Because of the much larger number of sources with available spectral classification
for the SMC (Evans et al., 2004) we initially built the Naive Bayesian Classifier based
on SMC stars. However, we note that due to the metallicity difference between the
SMC and the Galaxy there might well be differences in the PDFs for stars in the SMC
and the Galaxy.

We set a limit of EW> 0.2 Å for the presence of a spectral line. Any spectral lines
that have lower EW are considered too weak and they are not included in the calcu-
lation of the likelihood. This limitation could be alleviated by including measurement
uncertainties in the considered EWs. However, since most of the training spectra used in
the definition of the diagnostic are normalized we cannot calculate these uncertainties.

Unfortunately, this leads to loss of important information when the absence of a
spectral line is a constraint of the spectral type itself (e.g. the absence of HeII lines is
indicative of a later than B1 source). For these cases we can set the minimum EW for
a diagnostically important line, below which we can rule out a range of spectral types
based on the lack of that spectral line. This limiting EW is defined as the average EW
from the PDF of the adjacent spectral type or spectral range for which the spectral
line is clearly present.

Additionally, there were a number of cases that we had to treat separately, when
defining the PDFs for the spectral line EW for each spectral type:

• HeI λ4471 for O8-O8.5 and B0-B0.5: Due to the binning scheme and the small
number of sources there are EW bins with zero probability, in between bins with
non-zero probabilities. As it is unnatural to think of a PDF that drops to zero for
a bin and raises again in the next one, we split the probability of the non-zero bin
equally between that and the zero probability bin (this is equivalent to smoothing
slightly the PDF).

• HeI λ4471 for B8-B9, HeI λ4387 and MgII λ4481 for B5-B6: These spectral type
ranges contain only a couple of sources, resulting in only one EW bin (with a
probability value of 1). As this distribution is rather unnatural, we tapered it
by including a bin with a probability of 10% in either side (and re-normalizing
accordingly the central bin). An exception was made only for the HeI λ4471
line which was expanded only to higher values, since it is already close to our
hard low-limit value of 0.2Å for a non-detection, as the tendency of this line is to
disappear in late B-type stars.

• HeI λ4471 for B1-B2,B4-B5 and B6-B8, HeI λ4387 for B1-B2 and B4-B5, MgII
λ4481 for B1-B2 and B4-6: Unfortunately, for none of the sources in the train-
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ing sample for these spectral types was possible to measure the HeI λ4471 and
λ4387, or the MgII λ4481 lines. To compensate for this we calculated the rele-
vant probability distributions by interpolating from the available distributions for
the adjacent spectral types, following these steps: (i) identify the lowest and the
highest EW values of the PDFs of the same line for the adjacent spectral types,
(ii) split this range into 3 or 4 bins, (iii) assign probability values to each bin by
interpolating between the probabilities of the corresponding bins in the adjacent
distributions.

• OII+CIII λ4640-4650 for B1-B3 and later than B3 types: The blend is present
in late O-type stars and up to B1.5 but decreases rapidly after that. It was not
possible to measure this line in any of the sources in our training sample with a
spectral type later than B1. Since we know that there is a non-zero probability
to observe this line within the B1-B3 (Evans et al., 2004; Walborn & Fitzpatrick,
1990) range we built this distribution as follows: (i) using the PDF of B0.5-B1
we determined the maximum EW value; the minimum EW coincides with our
hard low-limit (0.2Å), (ii) we split the distribution to three bins with probability
values the resemble the PDF of the B0.5-B1 distribution by adding 10% more for
the smaller EW values (since the tendency for the spectral line is to disappear).

Since we have defined the probability distribution for the diagnostic lines for all
spectral types we can now use Equation 3.17 to calculate the probability p(EWi |
spectral typej) for each spectral line. For any line with EW< 0.2 Å the probability
assigned is 0 (actually a very small number, 10−6, to allow further computations),
since this is our line "detection limit". If the EW examined is greater than our hard
low-limit but not found within the range of the relevant PDF, then it is also assigned
a probability of 10−6. If the measured EW is within the range of the relevant PDF
we obtain the corresponding probability. Since the width of the EW bins is different
between different spectral types we divide the assigned probability by the width of
the corresponding EW bin. This allows us to compare different spectral types in a
consistent way. In any other case, the spectral line examined is excluded for the final
calculation of the likelihood.

Having defined these likelihoods we can use the Naive Bayes Classifier (Equation
3.18) to calculate the posterior probability distribution of the spectral types for each
source. An example of these calculations is presented in Table 3.5.
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Figure 3.14: Histograms of the Probability Density Function (PDF) per spectral type bin.
The spectral type(s) for each histogram are indicative in the label insert. The number in
parentheses for each label gives the available number of sources for the particular spectral
type/range. Data for the HeII λ4200 line.
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Figure 3.15: As in Figure 3.14, for HeII λ4686 line.
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Figure 3.16: As in Figure 3.14, for HeII λ4541 line.
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Figure 3.17: As in Figure 3.14, for HeI λ4471 line.
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Figure 3.18: As in Figure 3.14, for HeI λ4387 line.
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Figure 3.19: As in Figure 3.14, for OII+CIII λ4645 line.
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Figure 3.20: As in Figure 3.14, for MgII λ4481 line.
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3. Towards an automated spectral classifier

3.4.3 Results

In order to test the method we applied the Naive Bayes Classifier on the two train-
ing samples. The results are presented in Figure 3.22 (top panel), where we plot the
estimated spectral types as obtained from the classifier against those from visual clas-
sification ("real" spectral types). The estimated spectral type is determined by the
spectral type for which we have the highest probability density. Following Broos et al.
(2011) we first sort all spectral types according to their probabilities and we accept only
those for which their probability is less than 50% of the probability of the previous type.
From the accepted spectral types we selected the minimum and maximum values (ear-
liest and latest spectral types) to represent the range of accepted spectral types, and
determine actually the uncertainty in the spectral-type estimation (see Figure 3.21).

We are able to correctly classify 85% (215 out of 254 sources) of the SMC training
sample, while we recover 45% (18 out of 40 sources) of the Galactic training sample. The
rather poor result obtained for the Galactic training sample is not totally unexpected,
as it reflects the inability of the classifier to correctly classify the late B-type stars.
The training of the classifier was based on the most numerous sample, which is the
SMC training sample (254 sources). This sample is strongly biased towards early B-
type stars, which results in poor determination of the p(EWi | spectral type) for the
diagnostic lines of later type stars. In the SMC training sample there are only 8 sources
out to 254 (∼ 3%) with spectral types later than B4, while in the Galactic training
sample we have 8 sources out of 40 sources (20%). In addition, for the few SMC B8-
and B9-types stars (3 sources) the measurements of the MgII line EW are not very
accurate because of the noisy spectra.

By applying this method to our test samples of BeXRBs we obtained correct clas-
sifications for 32% (6 out of 19 sources) and 75% (6 out of 8 sources) of the SMC and
the Galactic BeXRB samples, respectively. These classification results are presented in
the bottom panel of Figure 3.22. We notice a striking difference between the success
ratios obtained for the training and test samples. However, this can be attributed again
to the presence of late-type sources. The Galactic BeXRB sample consists mainly by
early (O9 to B1) type sources, while the SMC BeXRB sample is skewed to later type
sources, coupled with rather large uncertainty errors (typically B1-B5 or B3-B5; Mar-
avelias et al. 2014). Therefore, the classifier is able to classify correctly most of the
Galactic but not all the SMC BeXRBs.
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Figure 3.21: A plot of the posterior probability distributions with respect to the spectral
types, for HD 93028 (blue) classified as O9 V (Walborn & Fitzpatrick, 1990) and 2dF 3327
(green) classified as B2.5 IV (Evans et al., 2004). The filled regions show the accepted
spectral-type ranges, according to the decision procedure followed (see Section 3.4.3). The
most probable values are shown as red dashed lines and the uncertainty ranges are given
by the accepted spectral types indicated by the filled area for each source. The spectral
types are represented by integers, with numbers between 10-19 correspond to O stars and
numbers between 20-29 correspond to B stars (e.g. ’18’ corresponds to O8-type, while ’22.5’
corresponds to B2.5-type). So, our classification results, using the Naive Bayes Classifier,
are O9.0±1 and B2.0±3 spectral types for HD 93028 and 2dF 3327, respectively.
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Figure 3.22: A plot of the real spectral types of stars in the SMC (blue) and the Galactic
(green) plotted against the spectral types determined from the Naive Bayes Classifier. The
spectral types are represented by integers, with numbers between 10-19 correspond to O
stars and numbers between 20-29 correspond to B stars (e.g. ’18’ corresponds to O8-type,
while ’22.5’ corresponds to B2.5-type). For presentation reasons we have added a small
random offset in the estimated spectral types. The red-dashed line represents the 1-to-1
correlation.
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3.5 Discussion and Conclusions

We have presented two quantitative methods for the classification of early-type (OB)
stars, based on their EW of selected diagnostic spectral lines, using (a) a Continuous
Fit approach and (b) a Naive Bayesian Classifier. Even though the two methods are
based on different approaches they are both successful to correctly classify most sources.
In this section we compare the two methods and discuss their efficiencies with respect
to their success rate of recovering the true spectral types, and we discuss possible
enhancements in both methods.

The Continuous Fit approach is based on the transformation of the quantized spec-
tral types into a continuous function, reflecting the continuous nature of temperature
which drives the different spectral types. With this method we are able to correctly
classify, within the inherent uncertainty of two spectral types, 72% and 68% of the SMC
and the Galactic training samples, respectively. Regarding the BeXRB test samples,
which were not used to build the diagnostics, this method classifies correctly 58% and
63% of the SMC and Galactic BeXRBs, respectively.

The Naive Bayes Classifier is a purely statistical approach based on the collective
properties of the data, and it is able to correctly classify 85% and 45% of the SMC and
the Galactic training samples, respectively. Regarding the BeXRB test samples, which
were not used to train the classifier, the method classifies correctly 32% and 75% of the
SMC and Galactic BeXRBs.

By comparing the results from the two methods we can conclude that the Continu-
ous Fit approach is more successful in recovering the classification obtained from visual
examination of the spectra ("true" spectral types). The Naive Bayesian Classifier fails
to classify mainly the late type sources, as a result of its training sample (due to the
under-presentation of late type sources in this sample). The good success rate (85%)
in classifying the SMC training sample shows that if a proper training sample was pro-
vided for the Galactic sources, we would expect a better success ratio. In addition, a
Galactic sample would also reduce any differences imposed by the metallicity difference
between the two galaxies (Galactic [Fe/H]=0.29, SMC [Fe/H]=-0.64; Russell & Dopita
1992).

Regarding the classification results obtained for the BeXRB test samples, we see
that the Continuous Fit approach correctly classifies the majority of the sources, at
almost the same efficiency with that for the training samples. This is not true for
the Naive Bayesian Classifier, which correctly classifies 32% of the SMC BeXRBs.
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However, it performs much better for the Galactic BeXRB sample, which consists of
mainly early type sources (O9- to B1-type stars). The SMC BeXRBs are skewed to later
types (Maravelias et al., 2014) which affects the classification with the Naive Bayesian
Classifier. In addition, the weak spectral lines in a number of the SMC sources, which
allow their visual spectral classification only within a range of spectral types (typically
B1-B5 or B3-B5; Maravelias et al. 2014), does not allow their accurate measurement
with the automated method adopted for the measurement of the line EWs. A physical
reason could also lie within the diagnostics lines used. The HeI lines are affected by
the presence of the circumstellar disk (Reig & Zezas, 2014), which may complicate the
behavior of these lines in the BeXRB test sample compared to the B-type stars in our
training samples.

Nevertheless, both methods give very promising results. There is significant poten-
tial for improvement in the following areas:

- Measure EW from spectral line fitting rather than integrated flux ratio in fixed
bands. Although the latter has the advantage of easy application and speed,
the former provides more accurate measurements, and allows the measurement
of fainter lines and determination of the EW.

- Include measurement of uncertainties, which would provide improved constraints
in the estimated spectral type uncertainties.

- Combine several different diagnostics in the Continuous Fit method.

- Increase the training sample, to better reflect the late B-type populations (and
even the early O-type, as an extension).

The sample increase is not easy to perform for B-type stars in the SMC, due to its
distance. However, we could take advantage of the Galactic sources which, simultane-
ously, acts also as a test study for any possible metallicity dependance.
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4
A wide-field Hα imaging survey
of the Small Magellanic Cloud

4.1 Introduction
The recent interaction history between the Small Magellanic Cloud (SMC) and our
Galaxy has triggered the formation of a young stellar population (Harris & Zaritsky,
2004). Among this population we can find Be stars, i.e. main sequence B stars that
have shown at least once in their lifetime Balmer lines in emission (e.g. Rivinius et al.,
2013). Be stars are the massive donors of matter that fuels the X-ray emission from the
Be X-ray Binaries (BeXRBs; e.g. Reig 2011), which compose virtually all High-Mass X-
ray Binaries (HMXBs) in the SMC (Liu et al. 2005; except for SMC X-1; Webster et al.
1972, and the tentative source CH6-20/LHA 115-S 18; Clark et al. 2013; Maravelias
et al. 2014, in which the donors are supergiant stars).

Several studies (e.g. Antoniou et al. 2009b; Grimm et al. 2003; Majid et al.
2004) have shown that there is a correlation between the young stellar population
and the BeXRBs. Particularly Antoniou et al. (2010) and Shtykovskiy & Gilfanov
(2007) demonstrated that the maximum of BeXRBs is expected from stellar popula-
tion ∼ 40Myr old. This timescale represents also the timescale of development of the
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Be phenomenon, peaking at ∼35 Myr (McSwain & Gies, 2005b), therefore linking the
BeXRB formation efficiency with star-formation rate (Antoniou et al., 2010). How-
ever, the formation rate is not currently well established, since the Be phenomenon is
a transient event, and the observed population of Be stars, and consequently that of
BeXRBs, in a singe epoch is always a lower limit of their actual number.

Similarly, the fraction of Be stars over the total population of B stars has been
the target of many works, using spectroscopic and photometric techniques to identify
sources with strong Hα emission. This is important in order to understand the con-
ditions under which they develop this behavior, especially within then context of the
general B-type stellar population. Studies in Galactic clusters have revealed fractions
of < 10% (Mathew et al., 2008; McSwain & Gies, 2005a). In SMC open clusters this
fraction varies from ∼8% (Martayan et al., 2010) up to ∼ 31% (Iqbal & Keller, 2013),
while in the field is found within the range of ∼ 5− 11% (Iqbal & Keller, 2013) and up
to ∼26% (Martayan et al., 2007). Further investigation with respect to the metallicity
difference between the Galaxy and the SMC identified that the population of SMC Be
stars is larger by a factor of 2 to 5 (e.g. Maeder et al. 1999; Martayan et al. 2010;
Wisniewski & Bjorkman 2006).

Within these fractions we can find the optical counterparts of BeXRBs. The de-
tection of Hα emission from an optical counterpart of a candidate BeXRB is a strong
evidence in favor of its Be nature. Sturm et al. (2013) compiled the most complete
catalog of X-ray point sources in the SMC up to date (∼ 3000 sources), identifying
94 BeXRBs (referred to as HMXBs in their catalog). A substantial number of these
sources (45) are classified as candidate BeXRBs based on their broad-band optical
photometry alone.

In order to further explore the nature of these sources we initiated an Hα imaging
campaign, using the Wide Field Imager camera of the 2.2 m MPG/ESO telescope.
We examined 6 selected regions of the SMC with recent star-formation to identify Hα
emission sources. These sources are cross-correlated with the X-ray catalog by Sturm
et al. (2013) to classify the X-ray sources with Hα emission counterpart. Moreover, we
examine the fractions of OBe stars with respect to their total number of OB stars, and
that of BeXRBs detected with respect to their total number of OB stars in order to
address their formation rate.

In Section 4.2 and 4.3 we present the observations, and the data reduction, respec-
tively. We discuss the source selection criteria in Section 4.4. The results are presented
in Section 4.5, and they further discussed in Section 4.6. Section 4.7 summarizes this
work presents the conclusions.
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4.2 Observations
The observations were performed on November 16 and 17, 2011, using the Wide Field
Imager (WFI) mosaic camera1, at the 2.2-m MPG/ESO telescope at La Silla, Chile.
This camera consists of 4×2 of 2k×4k CCDs providing a wide field of 34′ × 33′ with a
resolution of 0.238′′/pixel.

We obtained observations in the Rc and Hα filters for 7 fields in the SMC, shown
in Figure 4.1. Each observation was split in 8 dithered exposures with offsets ranging
between -12′′ to 24′′ and -72′′ to 72′′ for RA and Dec, respectively, with respect to the
initial pointing in order to cover the area between the CCDs. The duration of each
exposure was 390 s and 15 s, and after coadding the exposures for each filter the total
exposure time for each field was 3120 s and 120 s for the Hα and Rc filters respectively.
The details of the observations are given in Table 4.1.

Additionally, 5 spectrophotometric standards from the list of (Hamuy et al., 1992)
have been observed throughout the night in order to flux calibrate the photometric
results. Moreover, standard calibration images such as bias and dome-flat exposures
were obtained as standard calibration images.

4.3 Data reduction

4.3.1 Mosaic construction

The data reduction was performed with Theli software (GUI v2.6.2) (Erben et al.,
2005; Schirmer, 2013), which "is a tool for automated reduction of astronomical im-
ages"2. As it contains pre-configured settings for a large number of instruments (in-
cluding the WFI camera), it provides an easy and convenient way to reduce multi-chip
observations from the initial single dithered exposures to the final mosaic image. After
the basic processing steps (bias subtraction, flat-fielding), Theli performs the astro-
metric calibration by: (i) creating a reference source catalog based on online databases,
(ii) creating a source catalog obtained from running the SExtractor3 (Bertin &
Arnouts, 1996) source detection tool on each exposure, (iii) solving for the best astro-
metric solution.

1https://www.eso.org/sci/facilities/lasilla/instruments/wfi.html
2http://www.astro.uni-bonn.de/~theli/.
3http://www.astromatic.net/software/sextractor
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4. A wide-field Hα imaging survey of the Small Magellanic Cloud

Figure 4.1: The Small Magellanic Cloud (SMC) and the observed fields with the WFI
camera at the 2.2-m MPG/ESO. The dimensions of each field are 34′ × 33′. North is up
and East left. (Image Credit: Digitized Sky Survey - DSS.)
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4.3 Data reduction

Table 4.1: Observation log.

Field R.A. Dec. Date Filter Exposures Total time
(J2000.0)

(hh:mm:ss) (dd:mm:ss) (s)
(1) (2) (3) (4) (5) (6)

F2 00:52:12.0 -72:39:11.6 16/Nov/2011 Rc 8 120
F2 00:52:12.0 -72:39:11.6 17/Nov/2011 Hα 8 3120
F4 00:49:47.6 -73:03:41.2 16/Nov/2011 Rc 8 120
F4 00:49:47.6 -73:03:41.2 16/Nov/2011 Hα 8 3120
F7 00:58:49.6 -72:22:47.0 17/Nov/2011 Rc 8 120
F7 00:58:49.6 -72:22:47.0 17/Nov/2011 Hα 8 3120
F8 01:04:59.7 -72:12:35.4 17/Nov/2011 Rc 8 120
F8 01:04:59.7 -72:12:35.4 17/Nov/2011 Hα 8 3120
F9 00:45:25.2 -73:33:53.8 16/Nov/2011 Rc 8 120
F9 00:45:25.2 -73:33:53.8 16/Nov/2011 Hα 8 3120
F10 01:16:13.4 -73:23:11.2 17/Nov/2011 Rc 8 120
F10 01:16:13.4 -73:23:11.2 17/Nov/2011 Hα 8 3120

Column description:
(1) Field ID of FX type, where X is the number of field.
(2) Sky coordinates for center of field.
(3) Date of observation.
(4) Filter used.
(5) Number of dithered exposures.
(6) Total exposure time.
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Since our fields are crowded we wanted to use a reference catalog with the best
astrometry. We opted for the PPMXL catalog1, which combines deep optical data (up
to 21 mag) from the USNO-B1 catalog with improved astrometry from 2MASS. The
observed source list was generated by running SExtractor on each exposure using
a rather high detection threshold (SNR = 30 and 40 for the Rc and Hα exposures,
respectively) in order to limit the source list to the brighter sources, as fainter sources
would result in higher chance coincidence probability when comparing to the reference
catalog, which would deteriorate the astrometric solution. The astrometric solution
is calculated by Scamp2 (Bertin, 2006) for each exposure. Although the distortion
matrix for focal plane of WFI is already defined in Theli, we noticed than it did not
provide good results. Instead we had to create a new model for the focal plane based
on our data, by deriving a common, median relative positioning of the individual CCDs
within the focal plane3. Moreover, we had to allow for higher order polynomials in the
distortion solution (degree 4 to 5) in order to properly model the the WFI focal plane4.
Scamp produces a number of check plots which can be used to assess the quality of
the astrometric solution before the final co-addition for the mosaic image. We reached
an acceptable astrometric solution when we obtained a distortion map equivalent to a
"ring"-like shape suitable for WFI, minimized the χ2, and there were no trends in the
fit residuals. The typical astrometric error of our catalog is 0.4′′.

The output of Scamp is WCS-compliant headers that can be used easily with
SWarp5 (Bertin et al., 2002) in order to create the final mosaic. Using the information
in these headers SWarp re-samples all images into a combined output image through
a weighted-average algorithm (using weight-maps that have been created already by
Scamp). Although the individual exposures could be sky subtracted before coaddition
we opted not to do so as the SMC fields present a highly variable background due
to the extended Hii regions. We also took care that for each field the output mosaic
images for the two filters were centered exactly at the same coordinates and measured
the same dimensions, in order to describe the sources with the same pixel values in
each image (see Section 4.3.2 for details).

1See details at http://www.astro.uni-bonn.de/~theli/gui/astromphotom.html#
available-reference-catalogs - accessed July 8, 2014.

2http://www.astromatic.net/software/scamp
3This translates in the parameters: "Which focal plane?" = "Create new FP", and

"MOSAIC_TYPE" = "FIX_FOCALPLANE".
4See "Good distort examples" in http://www.astro.uni-bonn.de/theli/gui/astromphotom.

html#scamp and related WFI image at http://www.astro.uni-bonn.de/theli/gui/_images/d_g_4.
png - accessed July 8, 2014.

5http://www.astromatic.net/software/swarp
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4.3 Data reduction

4.3.2 Source photometry
The next step in our analysis was source photometry. As the SMC in a nearby galaxy
(60.6 kpc; Hilditch et al. 2005) we can resolve its stellar population even with ground
telescopes (e.g. the OGLE project; Udalski et al. 1997; the Magellanic Clouds Photo-
metric Survey; Zaritsky et al. 2002). Imaging of these regions results to images with
a high concentration of sources and hence significant source confusion. Accurate pho-
tometry in crowded fields can be performed efficiently by PSF (Point-Spread Function)
fitting. Due to the atmosphere and the aberrations along the optical path through
the detection system (telescope-filter-detector) and the effect of diffraction, stars are
not absolute point sources contained within a single pixel, but their light spreads over
many pixels (the PSF). However, they all follow the same distribution which allows for
modeling. By creating a good PSF model based on bright, but not saturated, stars we
can rescale it to fit almost every star in the field. Moreover, PSF fitting enables the
measurement of fainter stars that are hidden by the neighboring brighter ones, as these
are revealed after subtracting the fitted brighter sources from the original image.

The presence of Hii regions in the SMC complicates the photometry further, since
the diffuse emission adds to the background. Performing source detection in the Hα
image would result to many spurious sources. In order to avoid this and to make sure
that we perform photometry to stellar sources only and not local enhancements of the
diffuse emission, we ran the source detection in the Rc image first and we used this
output list as an input for the photometry in the Hα. This is justified by the fact that
the exposure time for the R-band is chosen to provide a sufficient SNR observations
(∼ 60) for stars down to mRc = 18.7 mag, corresponding to B8 spectral type stars at
the distance of the SMC (Cox, 2000).

The PSF photometry was performed with the Daophot package (Davis, 1993;
Stetson, 1987) of Iraf1 (v2.15), through the Pyraf2 environment (v1.11). A typical
analysis process we followed3 consists of the following steps:

1. Run daofind on the Rc-band mosaic to create an initial source list.

2. Run phot on the output list of step 1 to create the initial photometry for the
sources detected in step 1.

1Iraf is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

2Pyraf is a product of the Space Telescope Science Institute, which is operated by AURA for
NASA.

3"A Reference Guide to the IRAF/DAOPHOT Package", Lindsey E. Davis, January 1994.
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3. Run pstselect to select a predefined number of 120 of the brightest good sources
(i.e. sources without bad pixels or pixel values well below the saturation limit)
that will be used to build the PSF function of each mosaic image. Each candidate
star was visually inspected and only stars with smooth profiles were selected for
the PSF calculation.

4. Run psf to create the PSF model by fitting the PSF reference stars with an
analytic model.

5. Run allstar on the initial image to fit simultaneously the PSF model to all
sources measured in step 2. The same routine subtracts the fitted sources from
the image and produces a final list of sources that have been successfully fitted
and a subtracted image containing the residuals.

6. Re-run daofind on the subtracted image to create a second source list, identifying
fainter and previously unidentified sources.

7. Re-run phot on the source list of step 6 to compute the photometric parameters
of the new sources.

8. Merge the output phot list of step 7 (new sources) and the output allstar list
of step 5 (old sources) to create a list of unique sources.

9. Re-run allstar on the initial image with the source list of step 8 in order to
better determine their sky background and final photometry for all sources si-
multaneously.

10. Repeat steps 6-9 as many times as needed (after some passes the number of finally
accepted sources will converge).

To achieve better and more accurate results, we had to carefully select the param-
eters of Daophot, determined separately for each mosaic. Since these output mosaics
for Theli are in units of counts per second, while the photometric analysis needs to be
performed in counts, we multiplied the mosaic by the exposure time per field. In order
to recover the number of counts for each source, and for proper error calculation, we
used an effective gain and readaout noise which are suitable for the averaging method
used to produce the mosaics. In this case, the effective gain is epadu = N × gain (in
e−/ADU) and the effective readout noise is readnoise =

√
N × readout noise, where
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N is the number of exposure per mosaic, gain = 2 e−/ADU and readout noise = 4.5
e−/pixel are the values for the WFI camera1.

We used daoedit to measure the fwhm (Full-Width at Half-Maximum) for a number
(∼20-30) of bright, but not saturated, stars covering the whole field2. This is an
approximation of the FWHM of the real PSF, which is used as a starting value for the
algorithm that computes the PSF model.

We used imexamine to measure the sky background surface brightness and its stan-
dard deviation (parameter sigma) by picking randomly a large number (∼50) of regions,
scattered again around the whole field. The minimum useful data (parameter datamin)
are determined as datamin = sky−5×σ, while for the maximum useful data (parame-
ter datamax) we used approximately the 1/3 of the maximum value provided from the
command imstatistics (to make sure that we are under the linearity limit).

Our detection threshold was set at 3σ above the background (parameter threshold).
The effective exposure time was given through the parameter itime, and it was equal
to the value with which the initial mosaic in count rate was multiplied with.

Regarding the PSF model we opted to use an empirical model based on approx-
imately 100 stars per field, which was allowed to vary quadratically with position
(varorder=2) to account for small differences due to the wide field-of-view. We did
tested the parametrization of the PSF function, using the different available analytic
models, to assess their effect in the final photometric results and the distribution of
the residuals, but there was no evidence for any difference. So, we set the parameter
function to "auto", to let the routine psf to automatically select the function that
gives the least scatter in the fit of the PSF stars.

We slightly changed the parameter psfrad, which defines the source area over which
the PSF model is fitted, to account better for the brighter stars in our fields (psfrad =
4.5× fwhm). Since this value determines the radius that the light of the brighter stars
blends with the background noise we set also the innermost radius of the region which
is used for the sky estimation equal to the same value (annulus = 4.5× fwhm). We left
all the rest of the parameters (e.g. centering, photometric, and sky fitting algorithms)
at their default values.

As described in Section 4.4 the source detection was performed first on the Rc image
first (after 3 iterations). Since we are interested in the stellar sources only rather than
diffuse features we used this source list as the initial list for phot (step 2) when we

1https://www.eso.org/sci/facilities/lasilla/instruments/wfi/overview.html - accessed
July 10, 2014.

2Since we have included distortion corrections the fwhm does not change, significantly, along the
field.
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ran the analysis for the Hα image. We computed a PSF independently for the Hα
observation as it is not necessarily true that the same selected stars from the Rc image
could be used of the PSF (e.g. they may reside into Hii regions). Then, the allstar
routine needed to run only once (on the initial Hα image), since the source list contained
already all the candidate sources. As we wanted to make sure that the photometry on
the Hα filter would be performed on the same stars as in the Rc-band, initially we
did not allow for re-centering of sources during the allstar run (parameter recenter;
because of the significant source confusion allowing for recentering each source might
shift its centroid and fit a neighboring source or diffuse feature on the Hα image).
However, this resulted in poor fits and residuals, because of small differences in the
source centroids between the two filters. To account for this, we allowed for re-centering
within 1/2 of the Hα FWHM, to minimize any shifting of the fit to neighboring sources
(cbox=fwhm/2). In Figure 4.2 we present an example of photometric results, Rc and
Hα instrumental magnitudes, as obtained from Daophot analysis for Field 2 (only a
sample of 50000 sources is presented for better illustration purposes, while the actual
number of detections in each filter is provided in the legend).

Regarding the standard star fields, we also applied PSF photometry with minor
adjustments of the parameters, since we were actually interested in only one source.
The sky standard deviation was estimated by a number of regions (∼10) close to the
standard. The inner radius of the sky region was set to larger values (annulus and
sannulus equal to 6×fwhm), while we used the default value for the psfrad (=4×fwhm).
The detection threshold, useful to define only a list of the brighter stars to create the
PSF, was set to a higher value (threshold=10). The PSF model was determined,
with the same parameters as the field PSFs, from approximately 20-25 stars as close
as possible to the standard, since their fields did not contain enough sources to allow
for an astrometric solution with proper distortion corrections. Then we obtained the
photometric parameters by fitting the PSF to each standard star with the allstar
routine.

4.3.3 Flux calibration
Flux calibration is performed by observing photometric reference stars (standards
stars). This is straightforward for the broad-band filter Rc but not for the narrow-
band Hα filter. Because of its narrow width the transmitted flux depends strongly on
the properties of the filter response function (i.e. the transmittance function composed
by the contribution of telescope optics, filter and detector response). However, by con-
volving the calibrated spectrum of spectrophotometric standard stars with the response
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Figure 4.2: Photometric results for Rc and Hα mosaics as obtained from Daophot
analysis for Field 2. The total number of detections is presented in parentheses, as a
sample of these sources (50000) has been used for the plot for better illustration purposes.
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Figure 4.3: The response functions of the WFI/ESO filters Rc (red line; ESO# 844),
and Hα (green line; ESO# 856). We also show a normalized spectrum for the standard
star Feige 110 (blue line).

of the used narrow-band filter we can calculate the reference flux for each filter. The
comparison of the measured flux from an observation of the spectrophotometric stan-
dard (instrumental magnitude) with that calculated from its reference spectrum can
give us the flux calibration conversion factor.

For this reason a number of spectrophotometric stars from the list of (Hamuy et al.,
1992) have been observed: LTT 1020, LTT 1788, LTT 2415, EG 21, Feige 110. For
each one of them we measured their flux (in AB magnitudes) in the Hα filter from
Iraf’s library of standards1. The response function of the Rc (ESO# 844) and Hα
(ESO# 856) filter used in our observations were obtained from the WFI/ESO site2 and
are shown in Figure 4.3, along with the spectrum of the standard star Feige 110.

By definition, AB magnitude refers to an object with constant flux per unit fre-

1Found at path_to_iraf/iraf/iraf/noao/lib/onedstds/.
2Retrieved from https://www.eso.org/sci/facilities/lasilla/instruments/wfi/inst/

filters.html - accessed June 25, 2014.
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4.3 Data reduction

quency interval:
m(AB) = −2.5 log(fν)− 48.590 (4.1)

where fν is the flux measured in units of erg s−1 cm−2 Hz−1, and the constant 48.590mag
is taken from Hamuy et al. (1992). Since we are working in the wavelength domain we
need to convert these fluxes with respect to wavelengths:

fλ = c

λ2 × fν (4.2)

where c is the speed of light (in Å/s), λ is the wavelength (in Å), and fλ is given now
in erg s−1 cm−2 Å−1. This gives:

mAB = −2.5 log fλ) + [2.5 log
(
c

λ2

)
+ 48.590] (4.3)

where the quantity inside the brackets is the zeropoint at the given wavelength.
In order to calculate the flux through the filter bandpass, we used the sbands

routine1. We opted to perform the flux calculation for the broad-band filter Rc in
addition to the Hα to obtain more accurate measurements with respect to filter’s specific
bandpass.

After determining the reference fluxes for each standard we converted them into
AB magnitudes by using the following equations:

mHα = −2.5 log(fλ,Hα)− 21.494 (4.4)

mRc = −2.5 log(fλ,Rc)− 21.463 (4.5)

where the zeropoints have been determined by the conversion of the AB zeropoint to
the corresponding central wavelength of each filter (6588 Å and 6517 Å for the Hα and
Rc filters, respectively), using Equation 4.3.

Unfortunately, during the observations of the first night the standard stars were
located on a CCD bad column. That did not allow always for optimal PSF fitting,
resulting in unreliable photometry. We had to reject finally the use of LTT 2415 in
both filters. This issue was corrected during the observations of the second night,
and only one standard star observation (LTT 1020 in Rc filter) was rejected due to
saturation.

Nevertheless, the number of standard stars observations was sufficient to perform a
linear fit to their photometric data for each night per filter to obtain the photometric
zeropoints and extinction coefficients. For this we have used:

minst = mref + ZP +K × χ (4.6)
1Found under the stsdas package of Iraf. The sbands input must be a FITS file, so the flux data

were converted from an ASCII to a FITS file through the rspectext command of the same package.
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Table 4.2: Zeropoints and extinction coefficients, calculated from the standard star ob-
servations.

Night Filter Zeropoint Extinction coefficient
(mag) (mag)

16 Nov 2011 Rc 24.829 0.212
16 Nov 2011 Hα 22.136 0.603
17 Nov 2011 Rc 24.470 0.031
17 Nov 2011 Hα 21.105 0.065

where minst is the instrumental magnitude as calculated from the allstar routine,
mref is the reference magnitude as calculated by the sbands package (see Equations
4.5), ZP is the zeropoint, K the extinction coefficient, and χ the airmass. However,
there are no single observations available for the different standards stars, which does
not allow the direct use of Equation 4.6. To account for this we re-write the equation
as:

(minst −mref ) = ZP +K × χ (4.7)

where we can now use the magnitude difference between the instrumental and reference
values and fit for the different standard stars. The results of these fits are presented in
Table 4.2. The difference between the two nights is due to the non-pure photometric
conditions.

These corrections have been finally applied to the data in order to flux calibrate
the sources with respect to the standard stars used:

mcal = minst − ZP −K × χobs (4.8)

where mcal is the calibrated magnitude, minst the instrumental magnitude (as calcu-
lated by the allstar routine), ZP and K are the zeropoint and extinction correction
according to the night of the observation and filter used, and χobs is the mean airmass
during the dithered exposures of the observed field.

4.4 Source selection
Since all stars are expected to be detected in the R-band image we first performed the
source detection in those data. In order to remove spurious and non-stellar sources, we
applied a selection process, based on the parameters provided by Daophot. For each
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accepted source in the output list of allstar there are two parameters that define the
goodness of the PSF fit: (a) χ2, and (b) sharpness, defined as the difference between
the observed width of the object (measured from a best-fit Gaussian profile for each
source, during the daofind processing step) and the width of the PSF model. The
optimal values for χ2 are those close to unity, so we opted to select sources with χ2

values smaller than 1.5. The sharpness is indicative of the nature of a source, as high
values correspond to extended sources (e.g. galaxies), while (large) negative values are
spurious detections (e.g. cosmic rays, hot pixels, etc.). Thus, we selected sources with
|sharpness| < 0.5, which correspond to stellar sources.

Furthermore, since we are interested in early OB stars we selected sources with
R-band magnitudes brighter than Rc = 18.7 mag, which corresponds to B8 spectral
type at the distance of the SMC (c.f. Section 4.4). At the top panel of Figure 4.5
we present as an example the flux-calibrated Rc photometry for Field 2 (black dots),
where we show the stellar sources detected, based on their χ2 and sharpness (red
stars), and the final selected sources (OB stars, blue dots) brighter than the limiting
magnitude (18.7mag; red dashed line). In order to validate our photometry, after
having applied our selection criteria for the OB stars that we are interested in, we plot
our flux-calibrated Rc magnitudes with R magnitudes from Massey (2002, photometric
survey for massive stars in the Magellanic Clouds) in Figure 4.4 (for approximately
4600 common sources within 3′′ error radius for Field 2). Despite the small systematic
offset (∼ 0.2 mag; due to the different filters used) our photometry is in agreement with
that of Massey (2002), and we start seeing incompleteness effects after Rc ∼ 15.5 mag.
This resulted in a clean only Rc source catalog after the χ2 and sharpness cut of OB
candidate stars.

Using Topcat1 (Taylor, 2005) we performed first a cross-correlation within a search
radius of 5 pixels of this clean catalog sources with the catalog obtained from the
photometry on the Hα mosaic, to identify common sources. Then, we cross-correlated
these sources with the MCPS point source catalog (Magellanic Clouds Photometric
Survey; Zaritsky et al. 2002). The search radius was 3′′, based on the astrometric error
of our catalog (∼0.4′′) and the astrometric error of the MCPS catalog (∼ 1.7′′; Zaritsky
et al. 2002). This provided us with additional photometry parameters in the V and B
bands for almost all (∼ 97%) available sources from our analysis.

In order to select OB stars, we applied the criteria for the OB locus in the SMC

1http://www.star.bris.ac.uk/~mbt/topcat/
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Figure 4.4: Comparison between our flux-calibrated Rc photometry and R photometry
from Massey (2002). We see that the is a general agreement between the two lists. We no-
tice a small offset (∼ 0.2 mag) between the two catalogs, due to the different transmittance
of the filters used. We are complete up to ∼ 15.5 mag. The plot contains approximately
4600 sources common sources (within a 3′′ error radius) for Field 2.
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Figure 4.5: Top panel: flux-calibrated Rc photometry and its error for sources in Field
2 (black dots). We also present the most probable stellar sources with χ2 < 1.5 and
|sharpness| < 0.5 (red stars), and the final selected sources with Rc < 18.7 mag (red
dashed line) that correspond to OB stars (blue circles). Bottom panel: flux-calibrated Hα
photometry and its error for source in Field 2 (black dots). We present the selected OB
stars (blue circles) that have been selected after the cross-correlation of the Hα source list
with the final clean Rc OB list. The total number of detections for each class of sources is
presented in parentheses. 121
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(Antoniou et al., 2009b):
13.5 ≤Vo ≤ 18.5

−0.4 ≤ (B − V )o ≤ 0.3
(4.9)

where Vo and (B−V )o are the reddening corrected parameters, assuming E(B−V ) =
0.09 mag and AV = 0.29 mag (Antoniou et al., 2009b). In the bottom panel of Figure
4.5 we show the flux-calibrated Hα magnitudes (black dots) for sources in Field 2, and
the OB stars selected (blue circles), after the cross-correlation with the clean Rc list of
OB stars.

For these sources we calculated their Hα index in mag (Hα−Rc), as the difference
of their flux-calibrated magnitudes in the Hα and Rc filters. Its error is calculated by
propagating the corresponding magnitude errors:

∆(Hα−Rc) =
√

(∆Hα)2 + (∆Rc)2 (4.10)

Following Zhao et al. (2005), the corresponding SNR is:

SNR = G
|Hα−Rc|

∆|Hα−Rc| (4.11)

where G = (2.5/ln10)[(1−10−0.4|Hα−Rc|)/|Hα−Rc|], and Hα−Rc is the index in mag.
With the above methodology we are able to identify Hα emission sources, which

display Hα emission line above the absorption line. The index Hα−Rc corresponds to
the equivalent width of the Hα emission line. However, the equivalent width depends
on the spectral type of the source (c.f. figure 5 in Zhao et al. 2005), and the R-band
magnitude. This effect is presented in the top panel of Figure 4.6, where we show the
difference in the mean Hα−Rc index between all detected sources (red line; including
later than OB spectral types also) and only OB stars (blue line), in Field 4. In order to
select Hα excess objects we need to define the minimum Hα−Rc which corresponds to
the optimally continuum subtracted Hα fluxes. Since the Rc filter includes the Hα filter
(see Figure 4.3) the corresponding baseline for the Hα excess (i.e. stars without any
excess) would be equal to Hα−Rc = 0 mag. However, because of the different width of
the two filters and the range of spectral types considered, generally this value is not 0
for non-excess objects. Thus, we calculate this minimum Hα−Rc as the average value
that corresponds to the OB stars selected (since only a small fraction of stars show
emission lines), and its error as the average Hα − Rc error. We obtained these values
individually for each field in order to account for any (small) photometric differences.
The bottom panel of Figure 4.6 shows the histograms for the Hα− Rc index for each
field.
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Finally, the best candidate Hα emission sources should display:

Hα−Rc < 〈Hα−Rc〉field − 5× 〈∆(Hα−Rc)〉field (4.12)

if we wish to select sources at 5σ above the baseline excess. Finally, we considered only
sources with SNR>5.

4.5 Results
In this Section we describe the results of our analysis:

1. For each field we have compiled a list of the identified Hα emission sources, as
selected based on the criterion in Equation 4.12 and SNR>5. We present a sample
list in Table 4.4, while the complete tables are presented in Appendix B. For each
source in these tables we give sky coordinates, Hα and Rc magnitudes and their
errors, Hα − Rc index and its error, and SNR, from our analysis. In addition,
we provide the V magnitude and B − V color from the MCPS catalog (Zaritsky
et al., 2002). In total we detected 5256 Hα emission sources in the locus of OB
stars, in all fields. After accounting for the overlap between the fields the total
number of Hα emitting OB stars is 4747.

2. The nature of Be stars is transient and only a fraction of the total population
displays Hα emission during a single epoch observation. This means that their
detected number is always a lower limit to their total population, and their true
number could be 1.2 - 2.3 times larger (McSwain & Gies, 2005a). In Table 4.3
we present for each field the number of OB stars, as measured from the selection
process presented in Section 4.4 applied to the MCPS catalog (Zaritsky et al.,
2002), the number of identified Hα emission sources (which represents the OBe
stars) and their corresponding ratio. We find this fraction to be ∼ 13%, and
almost similar across all fields.

3. Since we are interested in the population of the BeXRBs (virtually all HMXBs in
the SMC), we cross-correlated our list of Hα excess objects with the X-ray point
source catalog from the XMM-Newton survey of the SMC Sturm et al. (2013),
which includes 3053 sources. We identified 39 sources within a search radius of
3′′, which accounts for the astrometric error of our catalog and the 2.5′′ positional
error reported by Sturm et al. 2013. Of those, based on the initial classification
of Sturm et al. (2013), 25 are confirmed HMXBs, 8 are candidate HMXBs, 3 are
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Figure 4.6: Top panel: Histograms for the Hα − Rc index for all sources in Field 4
(dominated by later than B spectral types), and for OB sources only. Bottom panel:
Comparison of histograms for the Hα−Rc index for OB sources in each field.
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Table 4.3: Fractions of OBe stars.

Field ID OB stars OBe stars fraction
F2 9217 1180 0.128
F4 9799 1286 0.131
F7 8428 1199 0.142
F8 7305 864 0.118
F9 3672 484 0.132
F10 1687 243 0.144

candidate AGN sources, one star cluster, one candidate foreground star, and a
source without any classification information. In Table 4.5 we present the detailed
list of identifications of Hα emission sources with the X-ray sources of Sturm et al.
(2013), using the corresponding ID number from Sturm et al. (2013) for the X-ray
sources and the star ID from our source lists (see Appendix B).

Out of the 49 confirmed BeXRBs, 39 are located inside our fields and we are able
to detect 25 Hα emission sources that coincide with these X-ray sources. This
results to an identification ratio of 64.1% for the confirmed BeXRBs. Regarding
the 31 candidate BeXRBs, in the catalog of Sturm et al. (2013), that are located
inside our fields, we find that only 8 of them are associated with Hα emission
sources, corresponding to an identification ratio of 25.8%. This significant differ-
ence (which is hard to explain as the result of variability of the Be stars) suggests
that a number of these candidates are not HMXBs.
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4.5 Results

Table 4.5: Identifications of Hα emission sources to X-ray sources from Sturm et al.
(2013).

Sturm-ID Classification RA Dec Separation Star-ID
(J2000.0)

(1) (2) (3) (4) (5) (6)

(hh:mm:ss.s) (dd:mm:ss.s) (")
12 <HMXB> 01:19:38.94 -73:30:11.4 0.33 F10-238
49 HMXB 00:57:35.95 -72:19:34.1 0.26 F7-380
51 HMXB 01:01:20.68 -72:11:19.0 0.12 F7-1060
61 HMXB 00:55:35.39 -72:29:06.6 0.86 F7-39
63 HMXB 00:54:56.28 -72:26:47.3 0.65 F2-1019
68 HMXB 00:58:12.74 -72:30:48.4 0.82 F7-493
69 HMXB 00:56:05.72 -72:21:59.4 1.01 F7-120
92 HMXB 00:54:46.31 -72:25:23.1 0.52 F2-990
112 HMXB 00:47:23.30 -73:12:27.9 0.51 F4-119
115 HMXB 00:50:44.81 -73:16:05.1 0.50 F4-734
116 HMXB 00:50:57.29 -73:10:08.0 0.82 F4-785
119 HMXB 00:49:29.74 -73:10:58.9 0.59 F4-480
121 HMXB 00:48:34.09 -73:02:30.5 0.89 F4-296
133 <HMXB> 00:50:48.06 -73:18:17.6 0.42 F4-749
154 <HMXB> 01:00:30.26 -72:20:33.1 1.28 F7-975
227 HMXB 01:03:37.56 -72:01:32.9 0.42 F8-285
228 HMXB 01:05:55.41 -72:03:49.2 1.54 F8-627
247 <HMXB> 01:02:47.51 -72:04:50.9 1.99 F8-153
335 HMXB 00:54:55.94 -72:45:10.9 0.20 F2-1018
337 <HMXB> 00:56:14.65 -72:37:55.8 0.36 F7-152
344 <AGN> 00:54:22.09 -72:45:32.1 2.97 F2-897
535 Cl* 00:59:05.09 -72:10:33.2 2.50 F7-644
578 HMXB 00:49:03.33 -72:50:52.2 0.46 F2-21
581 HMXB 00:49:13.63 -73:11:37.7 0.17 F4-419
615 HMXB 00:49:30.62 -73:31:09.4 0.27 F9-481
654 HMXB 00:53:23.91 -72:27:15.3 0.23 F2-676
674 HMXB 00:59:28.87 -72:37:04.4 0.80 F7-778
742 <AGN> 00:55:35.65 -72:12:29.6 2.47 F7-43
816 HMXB 01:01:55.79 -72:32:36.6 0.09 F7-1123

Continued on next page
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4. A wide-field Hα imaging survey of the Small Magellanic Cloud

Table 4.5 – Continued from previous page
Sturm-ID Classification RA Dec Separation Source-ID
935 HMXB 01:17:40.44 -73:30:50.7 1.43 F10-198
1400 <HMXB> 00:53:41.76 -72:53:10.1 2.01 F2-758
1481 <HMXB> 00:42:07.77 -73:45:03.4 1.09 F9-21
1562 <AGN> 00:58:22.18 -72:17:59.0 1.40 F7-517
1570 na 01:00:21.18 -72:18:37.3 2.45 F7-961
1702 <fg-star> 00:49:13.54 -73:26:00.0 0.33 F9-465
1802 HMXB 00:52:05.68 -72:26:05.0 0.75 F2-396
1828 HMXB 00:53:55.61 -72:26:44.4 1.68 F2-809
2300 <HMXB> 00:56:13.87 -72:29:59.7 1.38 F7-147
2710 HMXB 01:04:35.47 -72:21:47.2 1.36 F8-440

Column description:
(1) Source ID based on the catalog of Sturm et al. (2013).
(2) X-ray source classification by Sturm et al. (2013):
HMXB = confirmed HMXB in the SMC
<HMXB> = candidate HMXB in the SMC
<AGN> = candidate AGN
Cl* = star cluster
<fg-star> = candidate foreground star
na = no available classification
(3,4) Sky coordinates from the catalog of Sturm et al. 2013.
(5) Separation between the X-ray source (Sturm-ID) and Hα emission source (Star-ID).
(6) Source ID in the form of FX-N, where FX corresponds to the field ID as has been
defined in Table 4.1 and N is the sequential number for the field (sorted by RA).
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4.6 Discussion

4.6 Discussion

4.6.1 Hα emission sources
We have identified 4747 Hα emission sources, a major increase compared to the work
by Meyssonnier & Azzopardi (1993) which has served as the main resource for Hα
emission sources. Meyssonnier & Azzopardi (1993) had identified 1844 emission sources
throughout the whole SMC, at a corresponding limiting magnitude V ∼ 16.5mag
(estimated after cross-correlating their catalog with the MCPS catalog assuming 3′′

error; Zaritsky et al. 2002). In Figure 4.7 we present the detected sources in the two
surveys: grey open circles are sources by Meyssonnier & Azzopardi (1993), blue circles
are detections from our survey, and red crosses show common sources, i.e. sources which
display Hα emission in both surveys. In Table 4.6 we give the number of detections
from our survey per field, the number of sources from Meyssonnier & Azzopardi (1993)
within that field, and the number of common sources. We see that we detect 2 to 4
times more sources in each field.

We have also included in Table 4.6 sources from the survey of Martayan et al.
(2010), who performed slitless spectoscopic observations for a number of SMC open
clusters (with a limiting V magnitude of ∼ 16.5 − 17 mag). We identified ∼ 52% and
∼ 44% of the sources in Meyssonnier & Azzopardi (1993) and Martayan et al. (2010),
respectively. Since our survey is deeper (at the limiting magnitude of V = 18.5 mag,
corresponding to late B-type stars) than the previous works, the missing population can
be attributed to the transient nature of Hα emission and our somewhat conservative
criteria for identifying a source as Hα excess.

4.6.2 Fraction of OBe/OB stars
In order to estimate the OBe/OB fractions for each field, we are using the number of Hα
emission sources detected (OBe) and the number of sources identified as OB stars based
on their photometric parameters (as described in Section 4.4). The fractions of OBe/OB
stars found from this work (presented in Table 4.3), have a mean value of ∼ 13%, and
they are in general agreement with previous studies. For example, Martayan et al.
(2007) have found a mean fraction ∼ 26% for the field of the surrounding environment
of the SMC cluster NGC 330, while Iqbal & Keller (2013) found fractions in the range
∼ 5−11%, also from fields close to open clusters. These fractions are larger when open
clusters are included, since the clusters have a high density of young stellar population
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4. A wide-field Hα imaging survey of the Small Magellanic Cloud

Table 4.6: Comparison table for Hα emission sources identified in our survey, and those
by Meyssonnier & Azzopardi (1993) [MA93] and Martayan et al. (2010) [M10].

Field-ID WFI [MA93] [MA93]+WFI [M10] [M10]+WFI
(1) (2) (3) (4) (5) (6)

F2 1180 281 166 50 21
F4 1286 291 165 70 26
F7 1199 293 164 82 52
F8 864 253 171 35 13
F9 484 255 38 33 6
F10 243 74 47 - -

Column description:
(1) Field id, as defined in Table 4.1.
(2) Number of Hα emission sources for the corresponding field as detected in our
survey.
(3) Number of sources from [MA93] that are located in field.
(4) Number of common sources (within 3′′) between our survey and [MA93].
(3) Number of sources from [M10] that are located in field.
(4) Number of common sources (within 3′′) between our survey and [M10].
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Figure 4.7: Illustrative comparison between Meyssonnier & Azzopardi (1993) and our
survey for Hα emission sources in the SMC. The open gray circles correspond to 1844
sources identified in Meyssonnier & Azzopardi (1993), and the blue dots correspond to
4747 source identified in this work. The red crosses highlight the 701 common sources
(within 3′′ error radius) between the two surveys.
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Figure 4.8: The fraction of OBe/OB stars as a function of Rc magnitude (corresponding
roughly to the spectral type). We notice that the fraction peaks at ∼15 mag, which
corresponds to a spectral range O9-B2 at the distance of the SMC. The fraction drops
with fainter sources (later spectral types).

(e.g. ∼ 12− 40%; Wisniewski & Bjorkman 2006, ∼ 4− 31%; Iqbal & Keller 2013).

We further investigate the fraction of OBe/OB stars with respect to their Rc mag-
nitude, by dividing the R-band range into arbitrary bins which roughly correspond to
a sequence of spectral types: brighter than 14.7 mag, 14.7 - 15.7 mag, 15.7 - 16.7 mag,
16.7 - 17.7 mag, fainter than 17.7 mag (up to our limit of 18.7 mag which corresponds
to a B8 star). The 1 mag bin size roughly corresponds to 3 spectral types (c.f. Cox
2000). In Figure 4.8 we show the fraction of OBe/OB stars as a function of the Rc
magnitude. We notice that the fraction peaks at ∼ 15 mag, which corresponds to the
spectral range O9-B2 at the distance of the SMC, and drops fast with fainter sources
(later spectral types). Martayan et al. (2010) have examined this correlation, using
spectroscopy, and identified a similar trend (c.f. with their figure 12), but their sample
was limited to V ∼ 16.5−17 mag (corresponding to B2-B3 spectral types stars). There-
fore, our analysis confirms this trend by extending the measurement of this fraction to
spectral types later the B2.
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4.6.3 Hα excess

In Figure 4.9 we plot the color-magnitude diagram (V ,B − V ) for sources from the
MCPS catalog (grey; Zaritsky et al. 2002), OB stars (blue; identified based on their
photometric parameters as described in Section 4.4), and Hα emission sources (OBe
stars; red diamonds). We see that the Hα emission sources are placed to redder colors
with respect to the main body of OB stars.

In order to investigate the Hα excess with respect to the star’s brightness (or roughly
its spectral type), we used the bins introduced in Section 4.6.2 to make histograms of
their Hα excess (Hα − Rc) for different brightness ranges (Figure 4.10). We see that
there is a decrease in Hα excess as we proceed from bright (14.5 < Rc < 15.7mag) to
fainter (Rc > 17.7 mag) sources, which is equivalent to late O- and early B-type stars
to later B-type stars (down to ∼B8). This effect indicates that the early type stars
have larger equatorial decretion disks compared to the later type stars.

4.6.4 BeXRBs

As already presented in Section 4.5 we detected Hα emission sources for ∼ 64% of the
confirmed BeXRBs. The missing population can be attributed to the variability of Be
stars (since the presence of the disk is a transient phenomenon; e.g. Rivinius et al.
2013) and to a number of sources below our sensitivity limit (i.e. sources with very
weak Hα emission).

It is interesting to explore the fraction of BeXRBs with respect to the population of
OBe stars, since this gives us a picture of their formation rate. In Table 4.7 we present
the numbers of OBe stars, of confirmed and candidate BeXRBs (obtained from Sturm
et al. 2013), and the fraction of the confirmed BeXRBs as well as the fraction of the
total population of BeXRBs (confirmed and candidates) over the OBe population for
each field. We find a ratio of 0.5 − 1.4 × 10−3 and 1.6 − 2.1 × 10−3 BeXRB/OBe for
the confirmed and the total number of BeXRBs, respectively.

We also plot these fractions for each field in Figure 4.11. By comparing the trends
of the confirmed BeXRBs (blue) and the total BeXRBs (red) we see good agreement in
most cases. However, in Field 9 (F9) we notice a significant difference. The difference
between the fraction of the total BeXRBs and of the confirmed BeXRBs is increasing,
which is unexpected compared to the other fields. This can be only attributed to the
fact that a number of candidate BeXRBs in this field are probably misclassified sources.
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Figure 4.9: Color-magnitude diagram (V ,B−V ) of sources from the MCPS catalog (grey;
Zaritsky et al. 2002), OB stars (blue), and Hα emission sources (OBe stars; red diamonds).
We see the reddening of the Hα sources as they are located close but to the right of the
main sequence.

Table 4.7: Fractions of BeXRBs stars.

Field ID Confirmed Candidate OBe Confirmed Confirmed+Candidate
BeXRBs BeXRBs stars BeXRBs/OBe BeXRBs/OBe

F2 11 6 9217 1.2×10−3 1.8×10−3

F4 12 6 9799 1.2×10−3 1.8×10−3

F7 12 9 8428 1.4×10−3 2.5×10−3

F8 6 6 7305 0.8×10−3 1.6×10−3

F9 2 6 3672 0.5×10−3 2.1×10−3

F10 2 1 1687 1.2×10−3 1.8×10−3
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Figure 4.10: Histograms of the Hα − Rc index for different R-band ranges. We see
that there is a decrease in Hα excess as we proceed from bright (late O- and early B-type
stars) to fainter sources (late B-type stars). This is indicative of the size of the equatorial
decretion disk, which is larger in early-type B stars.

4.6.5 Candidate BeXRBs

Regarding the candidate BeXRBs, we identified only 25.8% of the candidate HMXBs in
Sturm et al. (2013) as emission-line objects. The classification of these sources as can-
didate HMXBs by Sturm et al. (2013) has been determined by broad-band photometry,
by selecting appropriate optical counterparts within the ranges: 13.5 < V < 17mag,
−0.5 < B − V < 0.5mag, −1.5 < U − B < −0.2mag. The very low recovery rate
of these objects as emission-line objects (particularly in comparison to the confirmed
BeXRBs) indicates that many of them could be misclassified sources.

In any case we have identified 8 of these candidate BeXRBs as Ha emission OB stars
(within . 2′′ error radius; see Table 4.5), strongly supporting their BeXRB nature.

One interesting case demonstrating the power of Hα imaging in identifying the
correct counterpart of X-ray sources is XMM J010247.5-720450. In Figure 4.12 we
show the 15′′ × 12′′ region around source with ID 247 in the catalog of Sturm et al.
(2013) which corresponds to the X-ray source XMM J010247.5-720450 (magenta cross)
classified as candidate BeXRB, and located at RA = 01:02:47.5, Dec = -72:04:50.9
(J2000). Sturm et al. (2011) have identified as its optical counterpart the source that
coincides with this position (at RA = 01:02:47.61, Dec = -72:04:51.2) with broad-band
photometric parameters: U = 14.69 mag, B = 15.75 mag, V = 16.0 mag, I = 16.3 mag,
J = 16.58 mag, H = 16.52, and Ks = 16.61 mag (green circle).
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Figure 4.11: Fractions of confirmed BeXRBs (blue) and the total number of BeXRBs
(confirmed and candidates) from the census of Sturm et al. (2013) over the number of
OBe stars for each field. We notice that the trend of the total number follows that of
confirmed except for Field 9 (F9), in which the number of candidate BeXRBs is probably
overestimated.
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Figure 4.12: The region (15′′ × 12′′) around X-ray source XMM J010247.5-720450 (RA:
01:02:47.5, Dec: -72:04:50.9 (J2000)), classified as candidate BeXRB (magenta cross, source
247 in Sturm et al. 2013). The source at RA = 01:02:47.61, Dec = -72:04:51.2 (green
circle; Sturm et al. 2011) has been identified as its optical counterpart. Within 2.01′′

(RA: 01:02:47.9, Dec: -72:04:50.0 (J2000)) we find the Hα emission source F8-153 (green
diamond), with Hα − Rc = −0.238 ± 0.033 mag, and SNR∼ 6.4. We propose this source
as the optical counterpart of X-ray source, favoring its BeXRB nature. The search radius
of 3′′ around the X-ray source is also presented with a cyan circle.

In the same Figure we also show the position of the Hα emission source F8-153
(green diamond), and an error radius of 3′′ (cyan circle). From our analysis we find
that this source (located 2.01′′ from the X-ray source) possess also properties of an OB
star (V = 16.051 mag, B − V = −0.2 mag; Zaritsky et al. 2002). Thus, we propose
that the optical counterpart of this X-ray source is source F8-153.

4.7 Summary
We have performed a wide-field Hα imaging survey in order to identify SMC BeXRBs
with Hα excess, and obtain their fraction with respect to the general population of OBe
stars. For this we used the WFI camera at the 2.2 m MPG/ESO telescope to observe
6 selected regions of the SMC with recent star-formation, in the broad-band Rc and
the narrow-band Hα filters.

The dithered exposures were combined into mosaic images, independently for each
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filter, and the Daophot/Iraf package was used to derive PSF photometry on the
R-band mosaic. Flux calibration was performed using observations of standard stars
and accounting for the filter responses. After cleaning the initial Rc sources list from
non-stellar sources, we selected only those that are located within the locus of OB
stars in the SMC (Antoniou et al., 2009b), and we cross-correlated this list with the
photometry from the Hα mosaic.

We calculated the minimum Hα−Rc index for the general population of OB stars
(for each field separately), which corresponds to the index for non-Hα emitting stars.
We selected sources at 5σ above that minimum. Our results from the Hα wide-area
narrow-band imaging of the SMC can be summarized as:

• We detected 4747 Hα emission sources. We give the tables for these sources at the
Appendix B. This is a major increase (2 to 4 times more in each field) compared
to the previous work of (Meyssonnier & Azzopardi, 1993).

• We estimated the fraction of OBe/OB stars, and we find a mean value of ∼13%.
We further examined this fraction by looking into different Rc magnitude bins
(corresponding aprroximately to 3 spectral types) to find that the fraction peaks
at ∼15 mag (corresponding to a spectral range O9-B2) and then decreases to
fainter (later B-type stars). This is indicative of the size of the equatorial decretion
disk, which is larger in early-type B stars.

• We cross-correlated our catalog with the X-ray catalog of Sturm et al. (2013), and
identified 39 sources. Out of these sources 25 were already confirmed HMXBs, 8
were candidate HMXBs, and 5 other types of sources. We are recovering the∼64%
and ∼26% of the confirmed and candidate HMXBs. The missing population for
the confirmed BeXRBs can be attributed to the variability of Be stars and to
sources with very weak Hα emission. However, the fraction for the candidate
HMXBs indicates possible misclassifications in the catalog of Sturm et al. (2013)
(possibly due to chance coincidence).

• We provide strong support in favor of the BeXRB nature for 8 candidate HMXBs
(Sturm et al., 2013) by identifying Hα emission from their optical counterparts.

• We studied the fraction of BeXRBs with respect to the OBe population in order
to define their formation fraction. We find formation rates in the range of 0.5-
1.4×10−3 BeXRB/OBe (for the different fields) when only the confirmed BeXRBs
are used, and in the range of 1.6-2.1×10−3 BeXRB/OBe when the total number
(confirmed and candidates) of BeXRBs is used.
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Conclusions and Future

perspectives

5.1 Conclusions
In this section we summarize the results obtained from our investigation of the High-
Mass X-ray Binary (HMXB) population in the Small Magellanic Cloud (SMC), using
two methods to obtain their observational parameters (spectral types, Hα excess), and
the development of two techniques for automated and quantitative spectral classifica-
tion.

5.1.1 Optical spectroscopy
Optical spectroscopy is the optimal tool to characterize optical counterparts of HMXBs.
Signatures of early type stars (e.g. He II lines) and/or emission lines, provide the
strongest evidence for a HMXB system. Only recently we have been able to obtain
spectral classification for large samples of HMXBs (Antoniou et al., 2009a; McBride
et al., 2008) in the SMC. Access to such a sample allows for comparison of the spectral-
type distributions between the HMXB populations of our Galaxy and the SMC. This is
of interest since these two populations reside in environments of different metallicities
(SMC metallicity is 1/5 of that of our Galaxy). However so far there is no indication
of any difference, although a significant fraction of the HMXBs have still unknown
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spectral types, and their majority have unknown orbital periods and eccentricities. In
order to fully address this issue we need to work toward characterizing the remaining
sample of HMXBs in the SMC.

For this reason we performed spectroscopic observations of the optical counterparts
of X-ray sources detected in the Chanda and XMM-Newton surveys of the SMC, using
the AAOmega multi-fiber spectrograph at the 3.9 m Anglo-Australian Telescope. Our
aim was to observe sources identified in Antoniou et al. (2010, 2009b), in order to
identify new HMXBs and determine their spectral types.

From this work we obtained the following results:

B Spectral-type classifications for 5 new BeXRBs and 1 known supergiant system.
We confirmed the previous classifications (within 0.5 spectral type) of 12 sources,
while for 3 sources our revised classification, with higher resolution and S/N data,
result in later (by 1-1.5 subclass) spectral types.

B A comparison between the population of BeXRBs in the SMC and the Milky
Way with respect to their spectral types reveals marginal evidence for difference.
However, we find no statistically significant differences between their orbital pa-
rameters (periods and eccentricities). This result further supports other lines of
evidence for similar supernova kick velocities between the low metallicity SMC
and the Milky Way.

B We provide strong evidence for an association between the well known supergiant
star LHA 115-S 18 and the X-ray source CXOU J005409.57-724143.5. However,
its optical and X-ray properties do not allow us to distinguish between a colliding-
wind system or a supergiant X-ray binary. If the second scenario proves to be
correct, then this source would be the first extragalactic supergiant X-ray binary
with a B[e] companion.

5.1.2 Development of automated spectral classifier

It is common to consider spectral classification as an art, because of the power of the
human eye as a patter recognition classifier. Stellar spectral classification is based on
the presence or absence of diagnostic lines, a process that often is subjective, and it
gives only a rough estimate of the classification error. We can overcome these lim-
itations using objective, and preferably, automated, methods based on quantitative
measurements of spectral features.
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We presented an automated spectral classifier for O- and B-type stars (although
it can be used for any spectral type), based on the spectral classification criteria de-
veloped for stars in our Galaxy (Walborn & Fitzpatrick, 1990) or in a low metallicity
environment such as the SMC (Evans et al., 2004).

We identified a set of diagnostic spectral lines to use as indicators of the different
spectral types. We used their equivalent widths in our diagnostic scheme, since they are
a robust quantity for comparisons between spectra taken under varying circumstances
(e.g. instruments used) and different formats (normalized or not).

We developed two classification methods, established on totally different approaches:

B The Continuous Fit approach gives the spectral-type of a star as the solution of
an equation involving the equivalent widths of different spectral lines. Within the
typical uncertainty of this method (∼ 2 spectral types) we are able to correctly
classify the majority of the sources in our training and BeXRB test samples, for
both galaxies (58− 72% success rate).

B The Naive Bayesian Classifier gives the probability that a spectrum corresponds to
a given spectral type, based on the distribution of equivalent widths of diagnostic
lines of stars of different spectral types. The training of the classifier was done for
the largest SMC training sample (which is however biased to early-type stars).
Thus, we are able to correctly classify the majority of the early-type stars, found
in the SMC training sample and the Galactic BeXRB test sample (75 − 85%
success rate). The performance of the classifier is poorer for the Galactic training
sample and the SMC BeXRBs (32 − 45% success rate), as it misclassifies the
later-type stars of these samples.

B The results for both methods are very promising, and with some improvements
their success rate can be improved further, allowing us to reliably and quantita-
tively classify automatically large samples of spectra.

5.1.3 Hα imaging

Strong Hα emission is a characteristic feature of BeXRBs, making them easily de-
tectable in Hα imaging observations. For this reason we performed a wide-field Hα
imaging campaign to identify Hα emission sources in the SMC. Using the WFI camera
at the 2.2 m WFI/MPG telescope we observed 6 selected regions of the SMC with
recent star-formation in the Rc and Hα filters. After the initial processing of the data,
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construction of mosaics, PSF photometry, and flux calibration in each band, we identi-
fied Hα emission sources at a 5σ level above the mean Hα−Rc index for non Hα-excess
stars (calculated individually for each field). We focused only on OB stars selected from
their optical photometric properties following Antoniou et al. (2009b).

The results obtained from this analysis are:

B We detected 4747 Hα emission sources. This is a major increase (a factor of 2 to
4 for in each field) compared to the previous work of Meyssonnier & Azzopardi
(1993).

B We estimated the fraction of OBe/OB stars, and we find a mean value of ∼13%.
We further examined this fraction by looking into different Rc magnitude bins
(corresponding approximately to 3 spectral types) to find that the fraction peaks
at ∼15 mag (corresponding to a spectral range O9-B2) and then decreases to
fainter (later B-type) stars. This is indicative of size of the equatorial decretion
disk, which is larger in early type B stars.

B We cross-correlated our catalog with the X-ray catalog of from the XMM-Newton
survey of the SMC (Sturm et al., 2013), and we identified 39 sources. Out of
these sources, 25 were already confirmed HMXBs, 8 were candidate HMXBs, and
5 other types of sources. We are recovering the ∼64% and ∼26% of the confirmed
and candidate HMXBs, respectively. The missing population for the confirmed
BeXRBs can be attributed to the variability of Be stars and to sources with very
weak Hα emission. However, the fraction for the candidate HMXBs indicates
possible misclassifications in the catalog of Sturm et al. (2013) (possibly due to
chance coincidence).

B We provide strong support in favor of the BeXRB nature for 8 candidate HMXBs
(Sturm et al., 2013) by identifying Hα excess from their optical counterparts.

B We studied the fraction of BeXRBs with respect to the OBe population in order
to define their formation fraction. We find rates in the range of 0.5-1.4×10−3

BeXRB/OBe (for the different fields) when only the confirmed BeXRBs are used,
and in the range of 1.6-2.1×10−3 BeXRB/OBe when the total number (confirmed
and candidates) of BeXRBs is used.
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5.2 Future work

5.2.1 Automated spectral classifier

The results obtained from the automated spectral classifier developed for the classifica-
tion of early-type stars are very promising. Measuring the equivalent width by fitting
the spectral line rather than taking the ratio of integrated flux in fixed bands will allow
for more accurate measurements of the line EW and the possibility to measure much
fainter lines. Furthermore, the Continuous Fit method will be greatly improved by
combining these more accurate measurements with a wider set of diagnostic spectral
lines. This will also provide a better estimation of the spectral-type uncertainties.

The Naive Bayesian Classifier is efficient in spectral classification of early B-type
sources, but really poor for late B-type sources. As it was shown this is due to the
training of the classifier. A less biased training sample which would reflect better the
late B-type sources would improve its efficiency.

With a sufficiently large Galactic training sample we could also test the effect of
metallicity in the classification results, e.g. what would be the classification success
ratio for a Galactic sample of stars when the classifier is trained with a sample of lower
metallicity, like SMC (at 1/5 of the Galactic metallicity).

Although both methods were developed in order to classify the OB stars, there can
be applied in other spectral types if an appropriate set of diagnostic lines exists and
there is a sufficient sample of spectra to train the methods.

5.2.2 BeXRBs and Hα emission sources

We measured the fractions for OBe stars with respect to OB stars, and for BeXRBs
with respect to OBe stars. These fractions are particularly important since they provide
insights in their formation efficiency. Next steps in this investigation include:

(a) Comparison between the OBe stars in the field and in clusters. There are many
studies for OBe fractions in SMC open clusters (e.g. Iqbal & Keller, 2013; Mar-
tayan et al., 2010) but a thorough investigation for the field has not been per-
formed so far. This will allow us to investigate the effect of the environment.

(b) The fraction of OBe stars that are BeXRBs provide constrains in the formation
rate of BeXRBs. Further investigation of this fraction as a function of the age of
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the stellar populations can provide information for the formation mechanisms of
BeXRBs (e.g. Antoniou et al., 2010).

5.2.3 Optical spectroscopy of HMXBs
We have shown already that optical spectroscopy is the optimal tool to securely identify
and classify HMXBs. However, a large fraction of candidate HMXBs in the SMC
remains unconfirmed and unclassified, therefore this work needs to continue in order
to: (i) confirm the HMXB nature of the candidate sources, (ii) find their spectral type
(which reflects the mass of their donor star).

The knowledge of the spectral-type distributions allows the investigation for differ-
ences between the populations of HMXBs (and specially BeXRBs) between the SMC
and the Galaxy. Studies so far (e.g Antoniou et al., 2009a; McBride et al., 2008;
Townsend et al., 2011) did not show any sign of difference. However, we have iden-
tified a small (but significant at 99%) difference in the spectral-type distribution of
our SMC BeXRBs sample with respect to the Galactic BeXRBs. Further investigation
is needed in order to verify this result, which means that more and accurate spectral
classifications of BeXRBs are required.

For this we have been granted already 2-nights at the VIMOS spectrograph at one
of the 8.2 m ESO telescopes, to perform multi-slit spectroscopy on a large number of
confirmed and candidate HMXBs. The observations are being performed while writing
this thesis and the data will become available soon.

5.2.4 sgXRBs in the SMC
Our recent result on the association of the sgB[e] star LHA 115-S 18 with the X-ray
source CXOU J005409.57-724143.5, opens the question regarding the population of
sgXRBs in the SMC, as only one is known (SMC X-1; Webster et al. 1972) within its
population of almost 100 HMXBs. We have discussed it in the context of obscured
wind-fed sgXRBs (e.g. Walter et al., 2006), i.e. systems that are deeply embedded
into a cocoon of dense matter. However, different approaches are possible, e.g. a
colliding-wind binary (Clark et al., 2013).

Therefore, it is important to further explore the nature of this source and investigate
for similar sources.
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A
Spectra of SMC BeXRBs with

previous classifications

In this section we review the spectral classification for the sources not discussed in
Section 2.5.2 (15 in total). For sources that we confirm previous classifications we only
give the spectral classification, while for sources with updated classifications we give a
detailed account of the basis for these new classifications. We also present all spectra
in Fig. A.1.

• CXOU J004814.15-731004.1 (source CH4-8) - classified as B1.5

This source is classified as B1.5, in full agreement with Antoniou et al. (2009b).

• CXOU J004903.37-725052.5 (source CH7-1) - classified as B1-B5

The absence of both HeII λλ4200, 4686 lines and of the MgII λ4481 line combined
with the presence of the HeI λ4471 line, constrain the spectral type in the B1-B5
range, in agreement with McBride et al. (2008) who classified this source as ∼B3.

• CXOU J004913.57-731137.8 (source CH4-2) - classified as B3-B5

For this source we obtained spectra on both nights (July 26 and September 19,
2008). The spectral range B3-B5 is determined by the absence of the HeII λλ4200,
4541, and 4686 lines, and the OII+CIII λ4640-4650 blend, as well as the stronger
HeI λ4471 line compared to the MgII λ4481 line. The resulting spectral type is
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A. Spectra of SMC BeXRBs with previous classifications
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Figure A.1: The spectra of BeXRBs studied in this work with previously known classifi-
cations. Shaded areas indicate wavelength ranges for bad columns and/or sky subtraction
residuals.
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Spectrum of CH5-3

Figure A.1: continued
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A. Spectra of SMC BeXRBs with previous classifications
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Figure A.1: continued
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Figure A.1: continued
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later than the previous classification of B1.5 in Antoniou et al. (2009b), where
the OII+CIII λ4640-4650 blend and SiIV λλ4088, 4116 lines were identified.

• CXOU J004929.74-731058.5 (source CH4-5) - classified as B1-B5

The absence of the HeII λλ4200, 4686 lines, and the combination with the clear
presence of the HeI λ4471 line and the absence of MgII λ4481, indicates a spectral
type in the B1-B5 range. Antoniou et al. (2009b) provided a spectral type of B1,
based on the presence of the OII+CIII λ4640-4650 blend and SiIV λλ 4088, 4116
lines, which are not detected in our deeper, higher resolution spectra.

• CXOU J005057.16-731007.9 (source CH4-3) - classified as B1-B3

Source CH4-3 was also observed both nights (July 26 and September 19, 2008).
The absence of the HeII λλ4200, 4686 lines and the presence of the OII λ4415-
4417 and OII+CIII λ4640-4650 blend limit the spectral type in the B1-B3 range.
This source has been classified previously as B0.5 by Antoniou et al. (2009b) due
to the weak presence of the HeII λ4686 line, which is not detected in our spectra.

• CXOU J005153.16-723148.8 (source CH5-3) - classified as B0.5

Given the weak HeII λ4686 line, and the absence of the HeII λλ4200, 4541 lines,
all the criteria for a B0.5 star are fulfilled, resulting in a little later type than the
previous classification of O9.5-B0 by McBride et al. (2008), although in the latter
work there are no details about the specific lines that led to this classification.

• CXOU J005205.61-722604.4 (source CH5-1) - classified as B3-B5

The combination of the presence and relative strength of the HeI λλ4009, 4026,
and 4144 lines, and the absence of the MgII λ4481 line limits the spectral type
to the B3-B5 range. This is later than the previous classification of B1-B1.5 by
McBride et al. (2008), for which no details about the specific lines are presented.

• CXOU J005208.95-723803.5 (source CH6-1) - classified as B1-B3

This source is classified as B1-B3, in full agreement with Antoniou et al. (2009b).

• CXOU J005245.04-722843.6 (source CH5-12) - classified as B0

The clear presence of the HeII λλ4541, 4686 lines combined with the fact that
the HeII λ4200 is absent constrains the spectral type to B0, since for earlier types
this line is of comparable strength to the HeII λ4541 line. Thus, all criteria for
a B0 star are fulfilled, which improves the previous wider classification of O9-B0
by McBride et al. (2008).
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A. Spectra of SMC BeXRBs with previous classifications

• XMMU J005255.1-715809 (source XMM2-1) - classified as B1-B3

The absence of the HeII λλ4200, 4541, 4686 lines and the presence of the OII+CIII
λ4640-4650 blend, allow us to classify source XMM2-1 as B1-B3, which is in
marginal agreement with the previous classification of B0-B1 by McBride et al.
(2008).

• CXOU J005355.25-722645.8 (source CH5-16) - classified as B0

The HeII λλ4541, 4686 lines are present, but not the HeII λ4200 line, indicating
that this is a B0 star (earlier types display the HeII λ4200 line in at least com-
parable strength to the HeII λ4541 line). Antoniou et al. (2009b) have classified
this source as B0.5 based on the absence of the HeII λ4541 line, in contrast to
our deeper spectrum, where it is clearly seen.

• CXOU J005455.78-724510.7 (source CH6-2) - classified as B1.5-B3

The presence of the HeII λλ4200, 4686 lines and the absence of SiIV λ4116 limit
the spectral range to an as early type as B1.5, while the presence of the OII+CIII
λ4640-4650 blend limits the spectral type to no later than B3. This is marginally
consistent with the previous classification of B1-B1.5 by Antoniou et al. (2009b),
based on the presence of the SiIV λλ 4088, 4116 lines, which however are not
detected in our deeper spectra.

• CXOU J005456.34-722648.4 (source CH5-7) - classified as B0.5

The absence of the HeII λ4200 line and the presence of the HeII λ4686 line suggest
a spectral type of B0.5. The slightly earlier classification of B0 by Antoniou et al.
(2009b) was based on the presence of the HeII λ4200 line, which is not seen in
our deeper spectrum.

• CXOU J005605.42-722159.3 (source CH3-18) - classified as B2

The SiIII λ4553 line is clearly present but without any sign of the SiIV λλ4088,
4116 lines. This combination is in agreement with the criteria set for B2 stars.
This classification is later than the previous classification of B1 by McBride et al.
(2008).

• CXOU J005736.00-721933.9 (source CH3-3) - classified as B1-B5

The absence of the HeII λλ4200, 4686 lines, in combination with a clearly present
HeI λ4471 line and the absence of the MgII λ4481 line, suggest a spectral range of
B1-B5. This classification result is in agreement with the also broad classification
of B0-B4 by Antoniou et al. (2009b).
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B
Catalog of Hα emission sources

B.1 Table description
We present Hα emission sources identified for each field in separate tables. Due to
the large size of the detected sources we give the first 107 sources for each field in the
printed form. The full lists can be accessed online at: ftp://ftp.physics.uoc.gr/
pub/tmp/gmaravel/WFI-Ha/

For each source we give:

1. Source ID in the form of FX-N, where FX corresponds to the field ID as has been
defined in Table 4.1 and N is the sequential number for the field (sorted by RA).

2. RA, in hh:mm:ss.s (J2000.0).

3. Dec, in dd:mm:ss.s (J2000.0).

4. Rc magnitude and its corresponding error in parenthesis.

5. Hα magnitude and its corresponding error in parenthesis.

6. V magnitude, retrieved from the MCPS catalog (Zaritsky et al., 2002).

7. B − V color, retrieved from the MCPS catalog (Zaritsky et al., 2002).
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B. Catalog of Hα emission sources

8. Hα−Rc index and its corresponding error in parenthesis.

9. SNR, as calculated by Equation 4.11.
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B. Catalog of Hα emission sources
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B. Catalog of Hα emission sources
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B. Catalog of Hα emission sources
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C
Trawling for transits in a sea of
noise: A Search for Exoplanets
by Analysis of WASP Optical

Lightcurves and Follow-up
(SEAWOLF)

C.1 Introduction
Not all exoplanets are detected equally. A planet that transits its host star has greater
scientific value because its radius can be determined and, because the orbital inclina-
tion is known, the geometric ambiguity in Doppler estimation of the planet mass is
removed. Spectroscopy of the star during a transit can reveal absorption or scattering
by the planet’s atmosphere, if it has one. The planet can also be occulted by the star,

0Published work: Gaidos E., Anderson D. R., Lépine S., Colón K. D., Maravelias G., Narita N.,
Chang E., Beyer J., Fukui A., Armstrong J. D., Zezas A., Fulton B. J., Mann A. W., West R. G.,
Faedi F., Trawling for transits in a sea of noise: A Search for Exoplanets by Analysis of WASP Optical
Lightcurves and Follow-up (SEAWOLF), MNRAS, 437, 3133, (2014).
Contribution to this project: (a) observations of 30 unique targets during 36 nights (2011-2013) using
the Skinakas 1.3 m telescope, (b) data reduction and light-curve analysis to identify potential transits,
(c) 24 reduced light-curves were used for the final analysis (performed by Eric Gaidos).
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C. SEAWOLF Search for Neptunes around Late-Type Dwarfs

permitting differential measurement of the planet’s reflected or emitted flux. These
observations can determine the planet’s albedo and/or constrain the efficiency with
which heat is carried around the planet by rotation or atmospheric circulation.

The most productive tool for detecting transiting planets has been the Kepler space
telescope (Borucki et al., 2010), data from which has yielded more than 2000 confirmed
or candidate discoveries. However most of the systems discovered by Kepler, as well as
those of the COnvection ROtation et Transits planétaires (CoRoT) satellite (Carone
et al., 2012) are faint (V ∼ 15), making follow-up observations difficult. Many of these
host stars are at kpc distances and well above the Galactic plane, and may belong to an
older, more metal-poor population distinct from the Solar neighborhood and perhaps
hosting a different distribution of planets.

Ground-based surveys such as the Wide Angle Search for Planets (WASP, Pollacco
et al., 2006) and the Hungarian Automated Telescope Network (HatNET Bakos et al.,
2011) have discovered numerous giant planets transiting brighter, nearby stars.1 Tran-
siting geometries are uncommon and such surveys must monitor many stars over large
portions of the sky. Because of the trade-off between field of view and telescope aper-
ture, these surveys are limited to the brightest stars and, due to Malmquist bias, biased
towards more luminous ones. The sensitivity of such surveys to smaller (non gas-giant)
planets is limited by correlated photometric error or “red” noise which does not de-
crease with the square root of the number of observations (Pont et al., 2006; Smith
et al., 2007). Earth’s rotation means that surveys performed from a single site have
restricted observing windows and are only efficient at detecting planets on short-period
orbits (≤ 10 d). For these reasons, ground-based surveys have been most successful at
detecting giant planets on close orbits around F and G stars.2

M dwarf stars have less than half the radius of their solar-type cousins, permitting
the detection of concomittantly smaller planets for a given photometric sensitivity.
Although such stars tend to be fainter and observed with poorer photometric precision,
the net balance of these two effects can still favor cooler stars: this calculus motivates
the MEarth transit survey for planets as small as Earth around late M-type dwarfs
(Berta et al., 2012; Charbonneau et al., 2009).

K- and early M-type dwarfs represent an intermediate region of discovery space for

1Transiting planets have also been identified by screening planetary systems detected by the Doppler
method. The first example (HD 209458) was found this way (Charbonneau et al., 2000; Henry et al.,
2000), but this approach is limited by the pace of Doppler surveys and the small geometric probability
that a planet will transit.

2Wide-field surveys must also contend with a high false positive rate by blends of bright stars with
fainter eclipsing binaries.
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C.1 Introduction

transiting planet surveys. While ground-based detection of Earth-size planets around
such stars is not feasible, it is possible to detect Neptune- or even super-Earth-size
companions, at least on close-in orbits. Indeed, HAT-P-11b (4.3R⊕, P = 4.89 d)
transits a K4 dwarf, and HAT-P-26b (6.3R⊕, P = 4.23 d) orbits a K1 dwarf (Hartman
et al., 2011).1

The occurrence and properties of short-period or “hot” Neptunes are of considerable
theoretical interest. Attempts to explain an apparent correlation between the occur-
rence of giant planets and stellar mass also predict an inverse relation with elevated
numbers of Neptunes (i.e., “failed Jupiters”) around low-mass stars (Laughlin et al.,
2004). Hot Neptunes could form by accretion of rocky/icy planetesimals beyond the
snowline and subsequent migration to the inner edge of the protoplanetary disk (Mor-
dasini et al., 2009). However, McNeil & Nelson (2010) find that this scenario cannot
explain the observed size distribution of close-in planets. Alternatively, planetesimals
or protoplanets could migrate first, followed by accretion in place (Brunini & Cionco,
2005; Hansen & Murray, 2012). Finally, evaporation of mass from close-in giant planets
has been proposed as an alternative formation mechanism for hot Neptunes (Baraffe
et al., 2005; Boué et al., 2012). These three different pathways predict objects that
are enriched in ice, rock, and gas, respectively. Hot Neptunes may be especially useful
to test models of planet formation because both mass and radius can be accurately
measured (by Doppler and transit, respectively) and these parameters are informative
about the relative amounts of rock, ice and gas in the planet (Rogers et al., 2011).
In contrast, the masses of Earth-size planets are too small to accurately measure and
the radii of Jupiter-size planets are insensitive to mass due to support by electron
degeneracy pressure.

We used data from the WASP survey to search for short-period Neptunes around
a sample of low-mass stars (the SEAWOLF survey). Because this search pushes the
envelope of WASP performance, we adopted a multistage search strategy:

• We selected late K- and early M-type dwarf stars observed by the WASP survey;
in principle, smaller planets should be detectable around these smaller stars.

• We identified candidate transit signals, relaxing the signal-to-noise criterion for
initial selection. This potentially includes smaller transit signals, but also large
numbers of false positives.

• We predicted candidate transits using the WASP-generated ephemerides and
1Two other Neptune-size planets, both around early-type M dwarfs, were detected first by Doppler,

then later found to transit: GJ 436b (Gillon et al., 2007), and GJ 3740b (Bonfils et al., 2012).
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screened these with precision photometry obtained at 1–2 m telescopes.

We describe the WASP data and our follow-up observations and reduction in Section
C.2, and our catalog of candidate transiting systems and the results of the follow-up
program in Section C.3. We place limits on the occurrence of hot Neptunes around
stars in our sample in Section C.4, and discuss the implications for theory as well as
prospects for future transiting planet surveys in Section C.5.

C.2 Observations and Methods

C.2.1 Sample construction and stellar parameters
For our search sample we identified late-type (K4 to M4) dwarf stars in the inaugural
(2004) fields of the WASP-North survey (Christian et al., 2006). We chose stars from
the SUPERBLINK proper motion catalog (Lépine & Shara, 2005) with optical-to-
infrared colors V −J > 2 consistent with late K- and M-type stars, and reduced proper
motions HJ ≡ J + 5 logµ + 5 (a proxy for absolute magnitude) that place them on
the dwarf color-magnitude locus, thus excluding K and M giants (Lépine & Gaidos,
2011). We restricted the sample to V < 14 because at fainter magnitudes the number
of background stars with ∆m < 5 falling within the same WASP photometric aperture
significantly exceeds one. Such stars could produce false positives if they are eclipsing
binaries. We also imposed a J < 10 cut to retain those stars for which high-precision,
high cadence (few minute) photometry in the near-infrared (z or JHK passbands)
could be performed on 1–2 m telescopes. Based on parallaxes (astrometric wherever
available, photometric otherwise), the most distant stars in our survey are at ≈100 pc.
The closest star is Laland 21185, only 2.5 pc away.

To estimate the properties of these stars, we adopted the empirical relations between
V −J color, effective temperature Teff , stellar radius R∗, and stellar mass M∗ for solar-
metallicity K and M stars in Boyajian et al. (2012)1. According to these relations,
V − J = 2 corresponds to R∗ ≈ 0.71R�, Teff ≈ 4550 K, and a spectral subtype of K4
(Cox, 2000). The coolest stars in our sample have V − J ≥ 4.5 and should have M4
spectral types, with R∗ ≈ 0.25R� and Teff ≈ 3300 K. The reddest star (V − J = 5.39)
is the M4.5 dwarf GJ 3839.

1We used 2MASS J magnitudes while Boyajian et al. (2012) used Johnson J magnitudes. How-
ever, the CIT photometric system is closely related to the Johnson system and JCIT ≈ J2MASS −
0.065 (J −K)2MASS + 0.038 (Skrutskie et al., 2006). Since late K-early M dwarfs have J −K ≈ 0.8,
the difference in V − J color is only 0.014 magnitudes and was ignored.
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Figure C.1: Locations of the 2004 inaugural fields of the WASP-North survey and our
selected SUPERBLINK K and M dwarf stars.

C.2.2 WASP Observations and Sources

We identified 1849 SUPERBLINK stars satisfying our criteria in the inaugural (2004)
fields of the WASP-North survey. These 102 fields cover 4750 sq. deg. at declinations
between +4.9 and +59.3 deg. (Fig. C.1). Stars were matched with sources generated by
photometering WASP images with a circular aperture of radius 3.5 pixels (48 arc sec).
1763 WASP sources were matched to our selected SUPERBLINK stars; the median
angular separation is 0.22 arc sec and the 95th percentile separation is 3.4 arc sec.
Forty-six WASP sources were each matched to two SUPERBLINK stars. Of the 1763
matched sources, 1743 have more than 500 data points (the minimum required for
lightcurve analysis) and the median number of observations is 8160 (Fig. C.2).

C.2.3 Light Curve Analysis

WASP lightcurves were processed to correct for systematic errors (Tamuz et al., 2005)
and remove trends (Kovács et al., 2005). The latter step eliminates many artifacts with
periods equal to rational multiples of 1 d. The light curves were then analyzed with the
HUNTER hybrid search algorithm that incorporates the box-least squared algorithm
(Kovács et al., 2002) and which is described in Collier Cameron et al. (2006). HUNTER
searched for transit-like signals with periods of 0.3–30 d. Four criteria were applied to
these signals: (i) mean flux > 3 microVegas (m > 13.8); (ii) periods not within 5% of
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Figure C.2: Distributions of number of WASP observations per star in our sample. The
median number of observations per star is 8160.

1 or 0.5 d (see Section C.2.4); (iii) signal detection efficiency > 6 (Kovács et al., 2002);
(iv) at least three candidate transits.

Up to five periodic signals were identified for each source satisfying these criteria,
and a total of 4364 signals were identified among 1130 stars. HUNTER calculated the
signal-to-red noise (SRN) and ∆χ2 parameter for each signal, where the latter is the
decrease in χ2 provided by the best-fit transit model relative to a constant light curve.
In the case of pure white noise ∆χ2 is the square of the signal-to-white noise ratio
(Collier Cameron et al., 2006). Thus SRN and ∆χ2 allow us to select based on the
significance of a signal with respect to both the red noise and white noise properties of
the data.

C.2.4 Selection of Candidate Transiting Systems

We next applied cuts with period, SRN, ∆χ2 and ellipsoidal signal-to-noise ratio (a
measure of the continuous variation of the signal over the period) to the 4364 HUNTER-
identified signals to screen artifacts and astrophysical false positives (i.e., close bina-
ries). Because of Earth’s rotation, observations from a single longitude like those of
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WASP-North can contain artifacts with periods near 1 d and integer ratios thereof.
Furthermore, aliasing with the lunar cycle (29.5 d) produces a dispersion of a few per-
cent around each rational period. Based on the distribution of signals (mostly artifacts)
generated when no detrending is performed (see above), we removed signals with pe-
riods below 1.1 d and within 5% of 3/2, 2, 3, and 5 d (Fig. C.3). (A peak at 4 d is
not statistically significant.) There is also a peak in the period distribution of signals
at 8/3 d. This peak appears significant and is apparently one of a series of undertones
(multiples) of the strong artifact at 1/3 d, the harmonic closest to the duration of a
summer night at the WASP-North site (and which is removed along with all other
signals below 1.1 d). However, we did not a priori remove the 1/3 d peak.

The distribution of signals with SRN and ∆χ2 is strongly concentrated at SRN
∼4.5 and ∆χ2 ∼30 (Fig. C.4). We assumed that these are nearly all artifacts or
astrophysical false positives and that the clustering is a result of the selection criteria
applied in Section C.2.3. We retained signals with (SRN > 6)∪

(
SRN > 3 ∩∆χ2 > 50

)
(outside the hatched zone of Fig. C.4). We also excluded signals with an ellipsoidal SNR
> 8: these are possible close binaries (Collier Cameron et al., 2006). The remaining
901 signals were further screened with the following criteria: (i) observations had to
completely span, ingress to egress, at least three putative transits; (ii) the putative
transit duration τ had to be within a factor of two of the value for a planet on a
circular orbit with zero impact parameter around a star with radius 0.6R� (typical of
a late K dwarf), i.e. τ = 1 hr (P/1 d)1/3, where P is the Keplerian period; and (iii) the
putative signal could not obviously be an artifact produced by periodic gaps or changes
in noise level in the data. This left 92 candidate signals from 80 stars.

C.2.5 Follow-up Photometry
We used the ephemerides generated by the HUNTER pipeline to predict transits for
our 92 candidates. The precision of the predicted transit center depended mostly on
the precision of the period determination, and was generally ±1 hr. Follow-up photom-
etry of some of these candidate transit events was obtained with 1–2 m ground-based
telescopes. Details of the telescopes are reported in Table C.1 and of the observations
in Table C.3. In general, we selected events to observe if the predicted transit center
occurred when the star was at an airmass below 1.7, and at least 3 hr from sunset or
sunrise. Ideally, we observed the entire transit window (±1σ) as well as an hour before
and after ingress/egress. However in many cases this was not possible. The minimum
detectable transit depth δd and completeness C of these observations are calculated in
Section C.4.
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Figure C.3: Period distribution of signals from the WASP HUNTER pipeline. The upper
solid curve is a significance threshold (p = 10−4) based on the Poisson statistics of a running
mean (n = 50). Clusters of artifacts are present at rational multiples of 1 d. The hatched
regions indicate exclusion zones around these periods and at <1.1 d; signals within these
zones were rejected.
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Figure C.4: Signals from the WASP HUNTER pipeline; signal-to-red noise ratio vs. ∆χ2.
Only signals outside the hatched zone were considered. The final candidate transiting
systems are indicated by the large black points.
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Although the details of the observing strategy and data reduction varied with tele-
scope and instrument, there were several commonalities:

Defocused imaging photometry: A telescope was grossly defocused to produce a
“doughnut”-shaped point spread function (PSF) several tens of pixels in diameter.
Such “doughnuts” are out-of-focus images of the primary mirror. Defocusing permitted
a signal � 1 × 106 e−1 to be acquired in each integration, reducing Poisson error to
< 10−3. It also minimized error from image motion or changes in the distribution of the
signal convolved with detector flat-fielding errors (e.g. Mann et al., 2011; Southworth
et al., 2009). Circular aperture photometry was performed on the defocused images
of the target and several comparison stars in multiple iterations. In each iteration the
centroid of the stellar image within the aperture was computed and used as the aperture
center.

Optimized pointings: The signal from a star of interest must be divided by that
from one or more comparison stars to remove variations in atmospheric transmission.
The number and relative brightness of comparison stars limits the precision of ground-
based photometry. We chose pointings that maximized the number of comparison stars
similar in brightness to the target star. We also avoided rings in the flat field due to
dust particles near the focal plane. These can change between nights or even during
observations, introducing flat-field error.

Comparison star selection: Each comparison star was compared with all the others
to identify and exclude variables. A comparison signal was calculated from the weighted
sum of the remaining reference stars, where the weights were chosen to minimize the
RMS of the normalized target light curve outside the predicted transit window.

Lightcurve detrending: We performed linear regressions of each normalized light
curve with airmass, position of the centroid, and variance in the distribution of the
target star signal over the point-spread function. The first was to remove second-order
extinction effects due to differences in the spectra of target and reference stars (Mann
et al., 2011). The second partly removes flat-field errors introduced when the defocused
images move due to imperfect guiding or absence of guiding. The third compensates for
any non-linearity in the response of the detector which would scale with the variance
in the light distribution.
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C.3 Results

C.3.1 Candidate Signals
The final catalog of 92 candidate signals from 80 stars is presented in Table C.2. The
“A”, “B”, or “C” designations indicate different signals from the same star. Based on the
depths of the putative WASP transits and the estimated radii of these stars (see Section
C.2.1) the median transiting planet radius would be∼4 R⊕, i.e. Neptune-size. However,
we expect that the large majority of these signals are artifacts or astrophysical false
positives and not transiting planet. In Table C.2 we report the status of each candidate
based on the follow-up photometry acquired to date: N = none, ? = ambiguous or
requires further observations, X = eliminated, A = candidate transiting system. We
have follow-up observations of 70 signals and we ruled out 39 signals and designated 28
as ambiguous or lacking sufficient data. In general, systems where the completeness C
of our follow-up observations is >80% (as calculated in Section C.4.2), and no transit-
like event was observed, were ruled out, and systems with one or more observations but
where completeness was <80% were designated as “?”. There are five exceptions to the
rule: Two systems (03571+3023 and 14162+3234) have C ≈ 0.77 but were ruled out.
Six systems (15015+2400, 16389+3643B, 21302+2312A, 21409+1824, 22085+1425A
and 22085+1425B) have C > 0.8 but the predicted event was close to the beginning
or end of an observing window, a possible event was observed significantly before the
predicted time or different observations had conflicting results: these are designated as
“?”.

C.3.2 Transit Candidates
Follow-up observations of four signals produced light curves that contain a transit-
like signal: 03571+3023, 16442+3455, 17378+2257, and 18075+4402 (Fig. C.5). We
have continued to observe predicted events for these stars to verify or rule out possible
transits. 03571+3023 is variable lightcurves are not consistent between predicted events
and one is flat, causing us to rule out this system. 16442+3455 (Ross 813) was mis-
assigned to a white dwarf in the catalog of McCook & Sion (1987) but its colors and
luminosity are clearly those of a late K or early M dwarf. 17378+2257 (GJ 686.1AB,
HIP 86282) consists of a pair of dwarfs that have V − J ≈ 3 and are designated as
M0 stars in the Gliese catalog but listed as K5 in Reid et al. (1995). The molecular
indices reported by Reid et al. (1995) and a spectrum obtained by us with the Mark
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III spectrograph on the MDM 1.3 m McGraw-Hill telescope suggest a spectral type
between K7 and M0. These stars are an X-ray source (Hünsch et al., 1999) and the
S-index values of the Ca II HK lines in their spectra (Duncan et al., 1991) suggest the
stars are comparatively active (Isaacson & Fischer, 2010), but Hα is not observed in
emission (Young et al., 1989).

C.3.3 GJ 436b
GJ 436 aka SUPERBLINK star PM I11421+2642 or WASP source J114210.54+264230.4
is in our sample. The transit signal from its 4.3R⊕ planet (Gillon et al., 2007) was not
detected by the WASP pipeline and in fact no candidate signals were identified from
this star. One possible explanation for the system’s omission is that only one season
of WASP data was obtained and the star fell 2.4 deg from the center of the field of
view and thus was vignetted. Another contributing factor is the planet’s high transit
impact parameter (b = 0.85), which makes the transit unusually short. The data is also
exceptionally noisy: the 5σ-filtered RMS is 1.2%, consistent with the nominal photo-
metric error of 1.4% and about 2.5 times the typical value for a V = 10.7 star (see Eqn.
C.1 below). The transit is only marginally apparent even after the data is correctly
phase-folded (Fig. C.6). Although transits of GJ 436b were not detected by WASP, the
inclusion of this system in our sample raises the question of whether we should expect
additional hot Neptunes or whether this is the only such transiting system. For these
reasons we carry out our statistical analysis for zero and one detections (Sec. C.4).

C.4 Analysis

C.4.1 Estimation of WASP detection limits
To place statistical constraints on the occurrence of hot Neptunes we calculated (i) the
ability of HUNTER to detect planets in WASP lightcurves as a function of planet radius
and orbital period, and (ii) the completeness with which our follow-up observations can
rule out candidate transit signals (Section C.4.2). Our criteria for WASP/HUNTER
detection is the same as that applied to the data: signal-to-red noise SRN > 6, or SRN
> 3 and signal-to-white noise >

√
50.

The transit signal δ = (Rp/R∗)2, where Rp is the radius of the planet. The red-noise
error in the mean ofN observations in the transit interval is σ1N

−γ , where σ1 is the error
in a single WASP measurement of a given star and the index γ ≈ 0.5− 0.05× (15−V )
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Figure C.5: Detrended lightcurves from follow-up observations of four stars containing a
transit-like event. The error bars show the 1σ errors from Poisson noise only. The vertical
dotted lines mark the predicted transit time and the vertical dashed lines mark ± one
standard deviation. The stars and UT epochs are (a) 03571+3023 on 16 Sept 2012, (b)
16442+3455 on 3 May 2013, (c) 17378+2257 on 24 April 2013, and (d) 18075+4402 on 27
April 2013.
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Figure C.6: WASP lightcurve of GJ 436, which hosts a hot Neptune on a 2.64 d orbit.
The data has been phased according to the established ephemeris of the planet and the
transit is marked by the vertical lines. The bottom panel plots on an expanded scale.
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(based on Fig. 2 in Collier Cameron et al., 2006). The white-noise error is taken to
be σ1N

−0.5. We constructed an empirical formula for σ1 based on Fig. 2 in Collier
Cameron et al. (2006):

σ1 = 2.5× 10−3
√

1 + 8× 10(V−13)/5. (C.1)

Assuming near-circular orbits for these close-in planets, the mean number of observa-
tions falling within a transit is taken to be N = nτ/P , where τ is the duration of the
transit and n is the total number of observations. The transit duration in hours is

τ ≈ 0.075R∗P 1/3
√

1− b2, (C.2)

where R∗ is in solar units, P is in days, and b is the impact parameter (taken to be
zero here).

Figure C.7 plots the limiting V magnitude for detecting a transiting Neptune-size
(3, 4, or 5R⊕) planet around a dwarf star in the WASP survey as a function of stellar
V − J color, our proxy for Teff and stellar radius on the main sequence, for P =1.2 d
or 10 d (see Section C.4.3 for a justification for this range). The V − J and V of stars
in our survey catalog are overplotted. Figure C.7 shows that WASP should be able to
detect planets somewhat larger than Neptune (5–6R⊕) around nearly all of the stars
in our sample, and planets slightly smaller than Neptune (∼3R⊕) around the coolest
(M dwarf) stars, but only if they orbit quite close to their host. For orbital periods of
10 d only the largest Neptunes will be detectable around the M dwarfs.

The break in the slope of the detection contours at V ≈ 15–16 in Fig. C.7 is a
result of a transition from a photon- or counting noise-limited regime to a red noise-
dominated regime. Among stars with a fixed radius (V − J color) and V > 15–16,
detection improves with brightness. However, for V < 15–16 correlated noise becomes
important (decreasing γ with brighter V ). For a fixed N , this means that detection
requires a lower σ1 and hence an even brighter V . This positive feedback means that
for a given stellar radius, planets below a certain size cannot be detected, regardless of
apparent magnitude. This is a widely-appreciated limitation of ground-based surveys
(Pont et al., 2006; Smith et al., 2007).

C.4.2 Estimation of follow-up completeness
To evaluate the significance of non-detection or detection of transits in our follow-up
observations, we calculated the completeness, i.e. the probability that a transit with
the characteristics of the WASP candidate would be detected, and the false-alarm
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Figure C.7: Expected WASP detection limits for Neptune-size planets around late K
and M dwarf stars, plotted vs. V − J color (a proxy for Teff and spectral type) and V

magnitude. Transiting planets of specified radius (3, 4 or 5 R⊕), and orbital period (1.2 d,
black curves, or 10 d, grey curves) should be detectable around stars to the right and below
each curve. The stars of the SEAWOLF survey are plotted. Circular orbits, an impact
parameter of zero and the median number of observations in our survey sample (8160) are
assumed for these calculations.
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probability, i.e. the probability that such an event would be erroneously identified in
our data in the absence of an actual transit.

Each follow-up observation of a candidate transit event yielded a normalized, de-
trended lightcurve, plus errors based purely on counting statistics (Poisson or photon
noise). False alarm probability and completeness were calculated by constructing two
sets of Monte Carlo realizations of the data, the first set with no transit signal added,
and the second containing a transit signal equal in depth to the WASP candidate. The
first set was used to set the detection threshold, i.e. the transit depth corresponding
to a false alarm probability (FAP) of 0.01. This means there is a 1% probability that
a signal exceeding this threshold would be erroneously discovered in a lightcurve with
these noise properties but containing no transit. We used the second set of Monte Carlo
realizations plus the detection threshold determined from the first set to estimate the
completeness or the recovery rate in follow-up photometry of transit signals with the
properties of the WASP candidate.

To account for the effect of correlated or “red” noise on transit detection, we com-
puted the discrete autocorrelation function Ak of the actual data and used this to
construct artificial light curves si of pure noise:

si = s
∑
j

Ai−jwj , (C.3)

where wi is a white noise pattern and s is chosen so that si has the same total noise
RMS as the actual signal.

Our simple transit model used a linear limb darkening law1 and the “small planet”
approximation (Rp � R∗) such that the transit signal is

f(t) = δ [1− u (1− µ)] , (C.4)

for r < 1, where µ =
√

1− r2, u is the linear limb-darkening coefficient, the dimension-
less radial coordinate is

r =
√

(2(t− tc)/τ)2 + b2, (C.5)

and tc is the transit center time. Based on the median estimated Teff of our sample
(4570 K) and assuming solar metallicity, we adopted values of u =0.80, 0.72, and 0.51
for Johnson V and R and Tiede J bandpasses, respectively (Claret, 2000), and u =0.75,
0.65, and 0.58 for Sloan riz bandpasses, respectively (Claret, 2004). To calculate the
transit duration τ we assumed a circular orbit and a stellar radius based on V − J and

1More complex limb-darkening laws are widely used but a linear law is completely adequate for
creating and “detecting” fake transits at low signal-to-noise.
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Boyajian et al. (2012) (see Section C.2.1). For each Monte Carlo realization, we drew a
fixed value of impact parameter b from a uniform distribution limited to

√
3/2 (beyond

which the transit duration is half the maximum value, resulting in exclusion from our
sample).

To generate a distribution of false-positive transits, we fit the transit model to each
transit-free light curve using the non-linear least-squares routine MPFIT (Markwardt,
2009), with tc and δ as free parameters. For the fit, an initial value of δ was chosen from
a uniform distribution between 0 and 0.002. An initial value of tc was chosen from a
normal distribution with a standard deviation equal to the transit prediction error, and
limited to the observation window. Cases where the fitted depth was negative or the
transit was more than two standard deviations from the predicted transit center were
not counted, as these would have been excluded from the actual survey. We determined
the 99 percentile value of the transit depth, corresponding to a false alarm probability of
0.01. This is our adopted detection limit δd. This value was converted to an equivalent
planet radius using the stellar radius, and we also computed a corresponding SNR
detection threshold based on the white-noise RMS of the light curve.

To calculate the completeness, we added artificial transits to the noise-only light
curves and attempted to recover them. Each transit was modeled as described above,
using the WASP candidate transit depth, a uniform distribution for b between 0 and√

3/2 and a normal distribution for tc. We then repeated the fitting process described
above. To initially “detect” the transit, we smoothed each light curve with a boxcar
filter having a width equal to the expected transit duration. The minimum of this
lightcurve became the initial guess at tc in a fit with MPFIT. We calculated the fraction
of recovered transit depths that exceeded δd, rejecting fits with tc deviating from the
actual value by more than two standard deviations. This fraction is our estimated
completeness C. Table C.3 reports values of δd and C for each follow-up observation.

C.4.3 Planet Occurrence

Our observations constrain the intrinsic occurrence f (planets per star, or in the limit
of few planets, fraction of stars with planets) of close-in Neptune- to Saturn-size planets
around late K and early M dwarf stars in the solar neighborhood. A standard procedure
to estimate f is to maximize a likelihood function that is the product of the probabilities
of detections and non-detections. Our multi-stage observational campaign required us
to consider how we defined detections and non-detections. Specifically, our sample
includes:
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• Stars with no transit-like signal found in WASP data: These were counted as
non-detections.

• Stars with a transit-like signal identified in WASP data but which were not
screened with follow-up observations: These were considered as unconfirmed de-
tections.

• Stars with transit-like signals in WASP data which our follow-up observations
have ruled out as transit candidates with some completeness C: These are con-
sidered possible non-detections or unconfirmed detections.

• Stars with WASP signals that our follow-up photometry indicate are viable transit
candidates: Given sufficient follow-up, these could become confirmed detections.

Following Gaidos et al. (2013) we generalized the likelihood formalism as an empirical
Bayes/marginalized likelihood analysis in which the occurrence rate f is a “hyperpa-
rameter” of the prior probability that a star hosts a detectable transiting planet 1. This
prior is 〈di〉f , where 〈di〉 is the probability that a planet transits and is detected with
the criteria in Section C.2.4, marginalized over the distributions of planet radius and
orbital period. The log-likelihood is

lnL =
ND∑
i

ln (1− f〈di〉) +
CD∑
k

ln [(1− Fk)fdk]

+
UD∑
j

ln [(1− Cj)fdj + Cj (1− f〈dj〉)] ,
(C.6)

where the summations are over non-detections (ND), confirmed detections (CD), and
uncomfirmed detections (UD), Cj is the completeness of the follow-up observations that
do not find a transit, and Fk is the false-alarm probability for detections confirmed by
our follow-up observations. In the case of multiple observations of the same system we
adopt the largest value of Cj .

If fd� 1 and F � 1, then

lnL ≈ NCD ln f − f
ND∑
i

〈di〉

+
UD∑
j

ln [(1− Cj)fdj + Cj (1− f〈dj〉)] ,
(C.7)

1Strictly speaking, the fraction of stars with such planets, which is equal to the number of such
planets per star if the possibility of multiple planets in this restricted range of radii and orbital periods
is neglected.
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where NCD is the number of confirmed detections. If Ci is not small for all stars (not
the case here) then this can be further approximated as:

lnL ≈ NCD ln f +
UD∑
j

lnCj

−f

ND∑
i

〈di〉+
UD∑
j

(
Cj 〈dj〉 −

1− Cj
Cj

dj

) .
(C.8)

Only the first two terms depend on f , and from these one readily derives the most
likely value:

f∗ = NCD

ND∑
i

〈di〉+
UD∑
j

(
Cj 〈dj〉 −

1− Cj
Cj

dj

)−1

(C.9)

If no transits are confirmed the most likely value of f is zero.
The detection probability di for a given candidate transit signal is the product of a

geometric factor dgeo
i and a detection probability ddet

i . Assuming circular orbits,

dgeo
i ≈ 0.238R∗M−1/3

∗ P−2/3, (C.10)

where the stellar parameters are in solar units and P is the signal period in days.
ddet
i is estimated by computing both the SRN and ∆χ2 for the given δ, P , and a

uniformly-distributed range of impact parameters, and determining the fraction of these
which satisfy our selection criteria (Section C.2.4). The SRN is given by δNγ/σ1,
∆χ2 = δ2N/σ2

1, and γ and N are estimated as before. All cases with b >
√

3/2 were
excluded because of the restriction on candidate transit duration (Section C.2.4).

To calculate 〈d〉 we assumed a power-law distribution over radius Rmin < Rp <

Rmax with index α, and a flat log distribution with orbital period Pmin < P < Pmax

(Cumming et al., 2008; Howard et al., 2012), i.e.

dN = f (Rp/Rmin)−α d lnRp d lnP
α ln (Pmax/Pmin) (C.11)

where Rp > Rmin and Pmin < P < Pmax. We calculated the minimum detectable planet
radius Rdet and the fraction of planets that would be detected, i.e.

ddet =


R−αdet−R

−α
max

R−αmin−R
−α
max

, if Rmin < Rdet < Rmax

1, if Rdet < Rmin

0, if Rdet > Rmax (10b)

We marginalized over P and b assuming logarithmic and uniform distributions, respec-
tively, and excluding values of either parameter that were also excluded during our
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selection of candidate transit signals, i.e. b >
√

3/2 and P < 1.1 d or periods within
5% of artifacts (Section C.2.4).

We adopted Rmin = 3R⊕ and Rmax = 8R⊕, i.e. slightly smaller than Neptune and
Saturn, respectively. We adopted Pmin = 1.2 d and Pmax = 10 d following Howard
et al. (2012) and Fressin et al. (2013). We determined that among 1728 stars with no
detected signals within the range of 1.2 < P < 10 and 3 < Rp < 8, assuming α = 1.9,

then
ND∑
i

〈di〉 = 16.8. This is the expected number of detections around these stars if

each had one such planet. It is not sensitive to the precise value of α.
We calculated the likelihood vs. occurrence rate using Eqns, C.7, C.10, and 10b.

Excluding GJ 436b, and given that we have as yet no confirmed detections of new
planets in our sample, we can only place an upper limit on the occurrence of hot
Neptunes. In this case, we place a 95% confidence upper limit of 10.2% on f based on
a log likelihood within 1.92 of the maximum value (Fig. C.8). We also estimate the
most likely occurrence in the case of a single confirmed detection: f = 5.3± 4.4% (Fig.
C.8). The error is based on the assumption of asymptopic normality; a parabola was
iteratively fitted to the log-likelihood curve and σf = 1/

√
2c, where c is the curvature

of the parabola.
If there is more than one confirmed planet in our sample, the maximum likelihood

estimate of f will be likewise higher. If we relaxed the assumption that all uncomfirmed
detections are ruled out, then f could be significantly higher, and close to unity, because
the number of WASP candidates that we have yet to screen is comparable to the
expected number (∼ 17) if every star had a hot Neptune. However, if our follow-up
results are representative of the results as a whole, then it is more likely that all or
nearly all of these unscreened systems will be ruled out as well.

C.4.4 Comparison with Kepler
We estimated the occurrence of 3–8R⊕ and P < 10 d planets around Kepler target stars
using the January 2013 release of confirmed and candidate transiting planets (KOIs)
from analysis of observation quarters Q1–Q8. The methods are described in Gaidos
et al. (2013) and here we recapitulate only the most important details. To emulate the
range of spectral types of the SEAWOLF survey, stars with 2 < V − J < 4.7, with V
magnitudes based on the relation V = r + 0.44(g − r) − 0.02 (Fukugita et al., 1996),
were selected from the complete Kepler target catalog. We also required Kp < 16 and
that each star was observed for at least seven of the first eight observing quarters.
We estimated parameters for these 14,578 stars and 190 (candidate) planets by fitting
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Figure C.8: Likelihood vs. occurrence of planets with 1.2 d < P < 10 d and 3R⊕<
Rp <8R⊕ around SEAWOLF stars. The dashed line is for the case of one confirmed
detection and the solid line is for the case of no confirmed detections.
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Dartmouth stellar evolution models (Dotter et al., 2008) using the Bayesian procedure
described in Gaidos (2013). We then limited the analysis to 6422 stars with estimated
log g > 4 and g-D51 < 0.23. D51 is an AB magnitude based on a passband centered on
510 nm and the g-D51 color is an indicator of gravity among K dwarfs; the color-cut
eliminates K giants (Brown et al., 2011). The median estimated Teff of these stars is
4330 K. These stars host 136 candidate planets. Two of these have 3R⊕< Rp < 8R⊕
and P < 10 d: KOIs 875.01 and 956.01 with Rp of 3.7 and 3.2R⊕ on 4.22 and 8.36 d
orbits, respectively.

We calculated the binomial log likelihood as a function of planet-hosting fraction f
assuming a log distribution with orbital period and a power-law radius distribution in
the limit that the transit probability is low (Gaidos et al., 2013; Mann et al., 2012):

f =
Np

(
R−α1 −R−α2

)
ln (P2/P1)

α
ND∑
i

〈fi〉
(C.12)

where Np is the number of detected planets with R1 < Rp < R2 and P1 < P < P2, the
summation in the denominator is over non-detections,

〈fi〉 =
∫ R2

R1

∫ P2

P1
R−αp di(Rp, P ) d lnPd lnRp, (C.13)

and di(Rp, P ) is the probability of detecting a planet around the ith star (Mann et al.,
2012). For consistency with SEAWOLF we use P1 = 1.2 d, P2 = 10 d, and α = 1.9.

The transit of a late K or early M dwarf by a Neptune-size planet produces a signal
of magnitude 4×10−3, far larger than the noise: The median 3 hr Combined Differential
Photometry Precision (CDPP3) for the stars in our sample is 1.8 × 10−4 and the 99
percentile value is 6.6 × 10−4. We estimated the cumulative SNR from a 3R⊕ planet
on a 10 d orbit monitored for 2 yr (8 quarters): this is the least detectable case. The
stellar noise over the transit interval was taken to be the CDPP3 scaled by

√
3/τ where

τ is the transit duration in hours. Fressin et al. (2013) found that the recovery rate
of the Kepler detection pipeline is nearly 100% for SNR>16. Of the 9741 stars with
CDPP3 values, for only 33 (0.3%) would the estimated SNR be < 16.

Thus the detection probability is essentially the geometric factor R∗/a, where a is
the orbital semimajor axis, and independent of Rp. The Rp terms in Eqn. C.12 cancel
and

f = Np ln(P2/P1)/
ND∑
i

Fi. (C.14)

221



C. SEAWOLF Search for Neptunes around Late-Type Dwarfs

The detection probability becomes:

di(P ) =
(

4π2R3
∗

GM∗

)1/3 1 + e cosω
1− e2 P−2/3, (C.15)

where e is the orbital eccentricity and ω the longitude of periastron. Marginalizing over
e and ω with an eccentricity distribution n(e), and ignoring terms that do not depend
on f ,

lnL ≈ ND ln f − 0.356f
[∫ 1

0

n(e)de
1− e2

](
P2
1 d

)−2/3

×(P2/P1)2/3 − 1
ln(P2/P1)

ND∑
j

(
ρj
ρ�

)−1/3
+ · · · ,

(C.16)

where ND is the number of detected planets and ρ is the mean stellar density. Adopting
the function for n(e) in Shen & Turner (2008), we found that the integral is only weakly
dependent on the parameter a in their distribution, and is ≈ 1.20 for a = 4. Using a
Rayleigh distribution like that in Gaidos et al. (2013) gives a similar value of 1.08 for
the integral. Because each star can be explained by more than one stellar model with
probability p, we used a weighted mean of ρ−1/3 to calculate the likelihood:

〈ρ−1/3〉 =
∑
i

piρ
−1/3
i /

∑
i

pi, (C.17)

where the summation is restricted to main sequence models, i.e. log g > 4.
Under these assumptions, we found that the occurrence of hot (P < 10 d) Neptunes

is 0.33± 0.21% (Fig. C.9).

C.5 Discussion and Conclusions
We place a limit of 10% on the occurence of hot Neptunes (P < 10 d) around the late
K and early M dwarfs in our SEAWOLF sample (95% confidence). In the event that
a single planet candidate is confirmed, our maximum likelihood estimate of occurrence
is 5.3± 4.4%. From a Doppler survey of late F to early K stars, Howard et al. (2010)
estimated an occurrence rate of about 8.1±4% for planets with projected massesM sin i
of 10-100M⊕, a mass range correspondingly approximately to our radius range, and
P < 50 d. Assuming a logarithmic distribution with orbital period, and correcting by
the factor ln(10/1.2)/ ln(50/1.2), the equivalent occurrence within 10 d is 4.6%, a value
similar to our estimate for the case of a single detection. Based on the HARPS Doppler
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Figure C.9: Likelihood vs. occurrence of planets with P < 10 d and 3R⊕< Rp <8R⊕
around 6422 dwarf stars wtih 2 < V −J < 4.7 observed by Kepler during at least 7 quarters
of Q1-8.
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survey, Mayor et al. (2011) estimated 11.1± 2.4% of solar-type stars have planets with
10-30M⊕ within P < 50 d, but only 1.17± 0.52% with masses of 30–100M⊕. Likewise,
Bonfils et al. (2013) estimate that 3+4

−1% of M dwarfs have 10-100M⊕planets. That
these Doppler-based values are consistent with the 5.3% occurrence we derive assuming
a single SEAWOLF detection suggests that GJ 436b may be the only transiting hot
Neptune in our sample.

We estimated the occurrence of hot Neptunes around the late K and early M dwarf
stars observed by Kepler to be 0.32 ± 0.21%, more than an order of magnitude lower
than in the SEAWOLF catalog. Howard et al. (2012) report that the occurrence of
4–8R⊕ planets with P < 10 d around Kepler GK dwarfs is 0.23 ± 0.03%, consistent
with our estimate to within the errors (but for a different range of spectral types). One
major caveat with interpreting the Kepler statistics is that late K spectral types also
include red giant branch as well as dwarf stars; these luminosity classes can be difficult
to distinguish by photometric colors alone and in the absence of spectroscopic screening,
Malmquist bias will favor the inclusion of the large, more luminous stars (Gaidos &
Mann, 2013). Planets will be more difficult to detect and will appear smaller around
RGB stars, e.g. some “Earths” may actually be Neptunes. For this reason, it is possible
that the statistical analysis of the Kepler results grossly underestimates the occurrence
of hot Neptunes. However, our use of the g-D51 gravity-sensitive color in constructing
our Kepler sample should limit this effect. More spectroscopy of Kepler targets in this
range of V − J colors is needed to quantify contamination by RGB stars.

Our determination of an order-of-magnitude lower relative occurrence of hot Nep-
tunes around Kepler stars echoes the findings of Wright et al. (2012), who found a
deficit of hot Jupiters around these stars. One intriguing possibility is that Kepler
stars are older, more evolved, and have more massive convective envelopes than those
in the Solar neighborhood, and that close-in giant planets have suffered tidally-driven
decay of their orbits and been destroyed (Gaidos & Mann, 2013). However, in the
regime where the orbital period P is much shorter than the eddy turnover timescale T ,
the rate of orbital decay is (Kunitomo et al., 2011):

ȧ

a
= 3

4
Mp

M∗

L∗P
2

M∗ (R∗ −Renv)2

(
R∗
a

)8
, (C.18)

where Mp is the mass of the planet, L∗ is the stellar luminosity, Renv the inner radius
of the convective envelope, and a the orbital semimajor axis of the planet. For a
Neptune-mass planet on a 10 d orbit around an M0 dwarf star the theoretical orbital
decay time is > 1018 yr. The lower luminosity and smaller radius of K/M dwarfs
relative to solar-type stars, and the lower mass of Neptunes relative to Jupiters means
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that this process is too slow to explain the deficit of Neptunes close to Kepler stars
relative to the solar neighborhood. Kepler stars may also be more metal-poor than the
solar enighborhood, but there is, as yet, no evidence that the occurrence of Neptunes
depnds on the metallicity of the host star (Mann et al., 2013). Instead, the discrepancy
must be explained by observational selection or differences in the efficiency in formation
on or migration to close-in orbits.

The Next Generation Transit Survey (Wheatley et al., 2013) will monitor ∼ 1.6×
106 K4-M4 dwarfs with I < 17 to search for hot Neptunes; about 2 × 105 of these
stars will have I < 15 and are suitable for Doppler follow-up (P. Wheatley, personal
communication). If our 0.32% occurrence rate from Kepler is correct the number
of transiting hot (super)Neptunes in this survey will be ≤ 60, depending on actual
detection efficiency. If the the occurrence rate is close to 5%, as suggested by Doppler
surveys of nearby stars, the survey could find up to ∼ 1000 such planets. These two
values bracket an estimate by the NGTS team (Wheatley et al., 2013).
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Table C.3: Observations of Candidate Transits

Star1 Observatory tc (MJD) δd C

(−2.45× 106) (10−3)
00177+2100 MDM 6191.85 16.6 0.032
00177+2100 MDM 6207.80 8.7 0.090
00492+2003 MDM 6195.75 2.3 0.644
01086+1714A LCOGT/Faulkes 6212.81 1.4 0.940
01086+1714A MDM 6284.71 6.4 0.206
01086+1714B LCOGT/Faulkes 5898.79 7.5 0.047
01086+1714B LCOGT/Faulkes 6157.03 3.9 0.360
01086+1714B LCOGT/Faulkes 6564.98 7.2 0.061
01086+1714B MDM 6583.69 5.1 0.165
01550+4035 LCOGT/BOS 6524.85 1.6 0.199

Table C.3 is published in its entirety as a machine-readable table in the CDS. A
portion is shown here for guidance regarding its form and content.
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