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KMOS view of the Galactic centre
I. Young stars are centrally
concentrated

The Galactic centre hosts a crowded, dense nuclear star cluster with a half-light radius of
4 pc. Most of the stars in the Galactic centre are cool late-type stars, but there are also >100
hot early-type stars in the central parsec of the Milky Way. These stars are only 3 — 8§ Myr
old.

Our knowledge of the number and distribution of early-type stars in the Galactic centre is
incomplete. Only a few spectroscopic observations have been made beyond a projected dis-
tance of 0.5 pc of the Galactic centre. The distribution and kinematics of early-type stars are
essential to understand the formation and growth of the nuclear star cluster.

We cover the central >4 pc? (0.75 arcmin®) of the Galactic centre using the integral-field
spectrograph KMOS (VLT). We extracted more than 1000 spectra from individual stars and
identified early-type stars based on their spectra.

Our data set contains 114 bright early-type stars: 6 have narrow emission lines, 23 are Wolf-
Rayet stars, 9 stars have featureless spectra, and 76 are O/B type stars. Our wide-field spec-
troscopic data confirm that the distribution of young stars is compact, with 90 per cent of the
young stars identified within 0.5 pc of the nucleus. We identify 24 new O/B stars primarily at
large radii. We estimate photometric masses of the O/B stars and show that the total mass in
the young population is >12,000 M. The O/B stars all appear to be bound to the Milky Way
nuclear star cluster, while less than 30 per cent belong to the clockwise rotating disc. We add
one new star to the sample of stars affiliated with this disc.

The central concentration of the early-type stars is a strong argument that they have formed
in situ. An alternative scenario, in which the stars formed outside the Galactic centre in a
cluster that migrated to the centre, is refuted. A large part of the young O/B stars is not on
the disc, which either means that the early-type stars did not all form on the same disc or that
the disc is dissolving rapidly.

A. Feldmeier-Krause, N. Neumayer, R. Schodel, A. Seth, M. Hilker, P. T. de Zeeuw,
H. Kuntschner, C. J. Walcher, N. Liitzgendorf, M. Kissler-Patig
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Chapter 4. KMOS view of the Galactic centre I. Young stars are centrally concentrated

4.1 Introduction

Nuclear star clusters are a distinct component at the centre of many galaxies. The central
region of ~75—80 per cent of spiral galaxies (Carollo et al. 1998; Boker et al. 2002; Georgiev
& Boker 2014) and spheroidal galaxies (Coté et al. 2006; den Brok et al. 2014) contains
a nuclear star cluster. Nuclear star clusters are located at a distinguished spot in a galaxy:
The centre of the galaxy’s gravitational potential (Neumayer et al. 2011). Galaxies grow by
mergers and accretion, so that infalling gas and stars can finally end up in the centre of a
galaxy. Nuclear regions therefore have very high densities. Many nuclear star clusters also
contain a supermassive black hole (e.g. Seth et al. 2008a; Graham & Spitler 2009). The
nuclear regions of galaxies are of special interest for galaxy formation and evolution studies
because of the scaling correlations between the mass of the nuclear star cluster and other
galaxy properties, such as the galaxy mass (e.g. Wehner & Harris 2006; Rossa et al. 2006;
Ferrarese et al. 2006; Scott & Graham 2013).

The nuclear star cluster of the Milky Way (MW) is the best-studied case of a galaxy
nucleus. The cluster was first detected by Becklin & Neugebauer (1968) in the infrared. It
has a half-light radius or effective radius reg of ~110 —127" (4.2 — 5 pc, Schidel et al. 2014a;
Fritz et al. 2016) and a mass of Mpywnsc= (2.5 + 0.4) x 107 My (Schédel et al. 2014a).
The central parsec of the Milky Way nuclear star cluster is extensively studied. At a distance
of only ~8kpc (Ghez et al. 2008; Gillessen et al. 2009a; Chatzopoulos et al. 2015a), it is
possible to spatially resolve single stars. Monitoring of single stars over more than a decade
led to an accurate measurement of the mass of the Milky Way central supermassive black
hole: Mo= 4.3 x 10° Mg (Eckart et al. 2002; Ghez et al. 2005, 2008; Gillessen et al. 2009b).
The black hole is connected to the radio source Sagittarius A* (Sgr A*).

Within the central ~2 pc around Sgr A* lie ionised gas streamers, concentrated in three
spiral arms (e.g. Ekers et al. 1983; Herbst et al. 1993). They are called the minispiral or Sgr A
West. The brightest features of the minispiral are the Northern Arm (NA), Eastern Arm (EA),
Bar, and Western Arc (WA, e.g. Paumard et al. 2004; Zhao et al. 2009; Lau et al. 2013).

To understand the formation and growth of nuclear star clusters, it is important to study
the stellar populations. Despite the complications from extinction and reddening, near-
infrared spectroscopy can be used to examine stellar ages. For instance, studies of individual
stars by Blum et al. (2003) and Pfuhl et al. (2011) suggested that the dominant populations in
the Milky Way nuclear star cluster are older than 5 Gyr.

Studies have shown that star formation in nuclear star clusters continues until the present
day (Walcher et al. 2006). Observations of nuclear clusters in edge-on spirals reveal that
young stars are located in flattened discs (Seth et al. 2006, 2008b). These younger com-
ponents have a wide range of scales but most frequently appear to be centrally concentrated
(Lauer et al. 2012; Carson et al. 2015). The Galactic centre likewise contains a young popula-
tion of stars. Within the central parsec (r < 0.5 pc) are 2100 hot early-type stars. These young
stars are O- and B-type supergiants, giants, main-sequence stars, and post-main-sequence
Wolf-Rayet (WR) stars (e.g. Krabbe et al. 1995; Ghez et al. 2003; Paumard et al. 2006;
Bartko et al. 2010; Do et al. 2013a). The young stars formed about 3 — 8 Myr ago (e.g.
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4.2. Observations and data reduction

Krabbe et al. 1995; Paumard et al. 2006; Lu et al. 2013). Dynamically, the young stars can be
sorted into three different groups: (1) stars within » <0.03 pc (0.8"") are in an isotropic clus-
ter, also known as S-star cluster. Most of the >20 stars are B-type main-sequence stars. Then
there are (2) stars on a clockwise (CW) rotating disc with r~ 0.03-0.5 pc (0.8-13"") distance
to Sgr A*, and (3) stars at the same radii as the stars in group (2), but not on the CW disc. It
is under debate if there is a second, counter-clockwise rotating disc of stars within this group
(Genzel et al. 2003; Paumard et al. 2006; Bartko et al. 2009; Lu et al. 2009, 2013; Yelda et al.
2014). The stars in groups (2) and (3) have similar stellar populations (Paumard et al. 2006).
It is unclear whether the stars of group (1) are the less massive members of the outer young
population or if they were formed in one or several distinct star formation events.

Most of the early-type stars are located within the central 1 pc, but it is unclear if this
is just an observational bias. Previous spectroscopic studies were mostly obtained within a
radius of 0.5 pc (~12"). Bartko et al. (2010) observed various fields with SINFONI and cov-
ered a surface area of ~500 arcsec>. However, the fields are asymmetrically distributed and
mostly lie within 12”(< 0.5 pc) distance from the centre. Do et al. (2013a) observed an area
of 113.7 arcsec” along the CW disc. Their observations extend out to 0.58 pc. Stgstad et al.
(2015) mapped an additional 80 arcsec® out to 0.92 pc and found a break in the distribution
of young stars at 0.52 pc. No previous spectroscopic study has fully sampled regions beyond
the CW disc. For this reason, we obtained K-band spectroscopy of the central 64”79 x 43’3
(2.51 pc x 1.68 pc) of the Milky Way using the K-band Multi-Object-Spectrograph (KMOS,
Sharples et al. 2013) on the ESO/VLT. We covered an area of 2700 arcsec? (0.75 arcmin?,
>4 pc?), centred on Sgr A* and symmetric in Galactic coordinates. From this data set we
extracted spectra for more than 1000 individual stars and obtained a map of the minispiral.
We aim to classify the stars into late-type stars and early-type stars. For this purpose we use
the CO absorption line as distinction. After the classification we investigate the properties of
the two different classes. Late-type stars will be treated separately in Chapter 5.

We here consider young populations of stars including O/B type stars, emission-line stars,
and stars with featureless spectra. We also present the intensity maps of ionised Brackett
(Br) y and He gas and of molecular Hy gas. Over a nearly symmetric area of >4 pc? we
investigate the presence and spatial distribution of early-type stars. Furthermore, we derive
photometric masses and collect the kinematics of the O/B stars. In addition, we examine the
spectral subclasses of the emission-line stars.

This paper is organised as follows: In Sect. 4.2 we describe the observations and data
reduction. We outline the data analysis in Sect. 4.3. Our results are presented in Sect. 4.4 and
are discussed in Sect. 4.5. We conclude with a summary in Sect. 4.6.

4.2 Observations and data reduction

4.2.1 Spectroscopic observations

Our spectroscopic observations were obtained with KMOS at VLT-UT1 (Antu) on September
23, 2013 during the KMOS science verification. KMOS consists of 24 IFUs with a field
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Chapter 4. KMOS view of the Galactic centre I. Young stars are centrally concentrated
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Figure 4.1: Field of view and spatial distribution of early-type stars in the Milky Way nuclear star clus-
ter. The black box shows the KMOS 64”79 x 433 field of view, i.e. 2.51 pc X 1.68 pc, the small square
in the upper middle was not observed due to the inactive IFU 13. Blue lines are the equatorial coordi-
nate grid with a spacing of 10”". The dashed blue horizontal line denotes the orientation of the Galactic
plane. The black cross shows the position of Sgr A*. The underlying image is from HST/NICMOS
(Dong et al. 2011), aligned along Galactic coordinates. The yellow diamond symbols denote confirmed
Wolf-Rayet (WR) and emission-line stars; cyan squares stars with featureless spectra; green circles O/B
stars; red x-symbols new young star candidates; blue plus-symbols probable foreground stars. The red
line denotes the line of nodes of the clockwise-rotating disc of young stars.

of view of 278 x 2”8 each. We observed in mosaic mode using the large configuration.
This means that all 24 IFUs of KMOS are in a close arrangement, and an area of 64”9 x
433 (~2880 arcsec?) is mapped with 16 dithers. There is a gap in the mosaic of 10/8
x 10”8 because one of the arms (IFU 13) was not working properly and had to be parked
during the observations (see Fig. 4.1). Therefore the total covered area is ~2 700 arcsec?,
corresponding to ~4 pc2. We observed two full mosaics of the same area with 16 dithers per
mosaic. The mosaics are centred on @=26624166 and §=—29°0082 with a rotator offset angle
at 120°. We chose the rotator offset angle such that the long side of a mosaic is almost aligned
with the Galactic plane (31240 east of north, J2000.0 coordinates, Reid & Brunthaler 2004).
The rotator angle only deviates by 1°40 from the Galactic plane. Thus the covered area is

approximately point-symmetric with respect to Sgr A*.

We used KMOS in the K-band (~1.934 — 2.460 um) with a spectral resolution R =
ﬁ ~ 4300, which corresponds to a FWHM of 5.55 A measured on the sky lines. The pixel
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scale is ~2.8 A-pixel~! in the spectral direction and 0”2 pixel ™' x 07’2 pixel~! in the spatial
direction. Each of the mosaic tiles consists of two 100 s exposures. We observed one quarter
of a mosaic on a dark cloud (G359.94+0.17, @ ~ 266°2, § ~ -28°9, Dutra & Bica 2001) for
sky subtraction. B dwarfs were observed for telluric corrections.

4.2.2 Data reduction

For data reduction we used the KMOS pipeline Software Package for Astronomical Reduc-
tion with KMOS (SPARK, Davies et al. 2013) in ESO Recipe Execution Tool (EsoRex). This
package contains routines for processing dark frames, flat field exposures, arc frames ob-
tained using argon and neon arc lamps, and standard star exposures. For the telluric spectra
we used an IDL routine that removes the Br y absorption line from each telluric spectrum.
The routine fits the Br y line with a Lorentz profile and subtracts the fit from the telluric
spectrum. It also divides the telluric spectrum by a blackbody spectrum to remove the stellar
continuum.

We reduced both science and sky exposures by applying the following steps: flat fielding,
wavelength calibration, cube construction, telluric correction, and spatial illumination cor-
rection (using flat-field frames). The four sky exposures were average combined to a master
sky, which we subtracted from the object cubes. We used the method described by Davies
(2007), in which the sky cube is scaled to the object cube based on OH line strengths before
subtraction. Then we removed the cosmic rays from each object cube with a 3D version of
L.A.Coswmic (van Dokkum 2001) provided by Davies et al. (2013).

We extracted the spectra from the 736 data cubes using PAMPELMUSE, a software package
written by Kamann et al. (2013). PampELMuUSE was designed for extracting spectra from IFU
observations of crowded stellar fields and enables clean extraction of stars even when their
separation is smaller than the seeing. The program requires an accurate star catalogue. We
used the catalogue provided by Schodel et al. (2010, and in prep.), which was obtained from
NACO and HAWK-I observations. We ran PAMPELMUSE separately for every IFU because the
astrometry of a mosaic cube is not accurate enough and because the point-spread function
(PSF) of the observations varies in time. As a consequence, the PSF in a mosaic varies
between the individual 16 dither positions.

Within PampELMUSE, the routine INITFIT uses the source list and produces a simulated
image with the spatial resolution of KMOS. This image is then used as a first guess for the
position of the stars in the data cubes. Since the PSF varies with wavelength, cUBEFIT runs
the PSF-fitting for each layer of the data cube. We restricted the PSF to a circular shape.
This means that the PSF is defined by two variables, the FWHM and the S-parameter of the
Moffat profile. The PSF variables, the coordinates, and the flux were fitted iteratively and
for each layer of the data cube in the wavelength interval of [2.02 — 2.42 um]. We excluded
wavelength regions with prominent gas emission lines (e.g. Hy, Br vy, He) from the fit.

The coordinates and the PSF vary only smoothly with wavelength, and the routine PoLYFIT
fits a 1D polynomial to the coordinate and PSF parameters as a function of wavelength. The
goodness of the PSF fit depends on the number of bright stars in the IFU. For IFUs without
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Chapter 4. KMOS view of the Galactic centre I. Young stars are centrally concentrated

bright stars in the field of view we used the PSF that was determined from IFUs with bright
stars in the FOV. However, the PSF varies in time. Therefore we inspected the PSF fits for the
23 data cubes, where each data cube corresponds to a specific IFU. We did this separately for
each exposure and selected the best PSF fits per exposure. We combined the best FWHM and
best 5 of one exposure to a mean FWHM and mean S, both as a function of wavelength. The
FWHM lies between two to three pixels for the 32 exposures because the seeing also changed
from 0’7 to 1”3 during the night. With the knowledge of the PSF of each exposure and the
star coordinates, the routine cUBEFIT was run again to determine the flux for each star on all
layers of the data cubes.

After extracting background-subtracted spectra with PAMPELMUSE, we shifted each spec-
trum to the local standard of rest. PaMPELMusE extracted ~12 000 spectra of more than 4 000
different stars with Kg <17 mag in the KMOS field of view. We discarded all spectra with
a signal-to-noise ratio (S/N) below 10 or negative flux, leaving ~3 000 spectra. The S/N for
each extracted spectrum was calculated by PampELMUSE with Eq. 16 of Kamann et al. (2013).
We combined the two spectra of each star from the two exposures. For ~180 stars we had
even more than two spectra from the two mosaics, since PAMPELMUSE also extracted spectra
from stars that were centred outside of the field of view of the IFU. We combined the spec-
tra with the best S/N to one spectrum per star by taking a noise-weighted mean. The S/N
between the individual exposures typically differed by less than 10. We obtained spectra for
more than 1 000 individual stars with a formal total S/N >10.

We also constructed a mosaic using the data cubes from all 32 exposures. This mosaic
extends over 64779 x 43’3, with a gap for the inactive IFU 13. To determine the astrometry
of the mosaic, we used the 1.9 um image of the Hubble Space Telescope (HST)/NICMOS
Paschen-a Survey of the Galactic centre (Wang et al. 2010; Dong et al. 2011) as a reference.
This image has a pixel scale of 0’1 pixel'. We collapsed the KMOS mosaic data cube to an
image and rebinned it to the HST pixel scale. The two images were iteratively cross corre-
lated. Although the two images cover different wavelength regions, a large enough number
of stars is detected in both images to line the frames up. Finally, we applied a correction to
the local standard of rest. This mosaic data cube was used to measure the gas emission lines
of the minispiral and circumnuclear ring.

4.3 Data analysis

4.3.1 Photometry

To be able to determine the spectral classes and colours of the stars, we complemented our
spectroscopic data set with photometric measurements. Schodel et al. (2010, and in prep.)
observed the Milky Way nuclear star cluster with NACO and HAWK-I and constructed a
star catalogue. This catalogue provides J (HAWK-I), H, and K5 (HAWKI-I and NACO)
photometry. The NACO catalogue extends over the central ~40”" x 40", HAWK-I data were
used for regions farther out.
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4.3. Data analysis

The brightest stars are saturated in the HAWK-I and NACO images, and we comple-
mented our photometry with other star catalogues. We used photometry from the SIRIUS
catalogue (Nishiyama et al. 2006) for eight stars, and for three further bright stars without
HAWK-I, NACO or SIRIUS photometry, we used photometry form the 2MASS catalogue
(Skrutskie et al. 2006). For almost 1000 stars we have the JHKg photometry from either
NACO/HAWK-I, SIRIUS or 2MASS , for a further 100 stars we only have HK; photometry.
For two stars we have no Kg photometry, but JH photometry.

To obtain clean photometry, we corrected for interstellar extinction. In the Galactic centre,
extinction varies on arcsecond scales (e.g. Scoville et al. 2003; Schodel et al. 2010; Fritz et al.
2011). The typical extinction values are about 2.5 mag in the Kg band, 4.5 mag in the H band,
and more than 7 mag in the J band. We used the extinction map and the extinction law derived
from Schodel et al. (2010)! for the extinction correction of the photometry. About 350 (~30
per cent) of the stars are outside the field of view of the extinction map. For these we assumed
that the extinction is the mean value of the extinction map Ag; = 2.70 mag.

The extinction map was created after excluding foreground stars. Therefore, any fore-
ground star will be strongly over-corrected to very negative colours. The intrinsic colours
of cluster members are in a very narrow range of about —0.13 mag < (H-Ky) <0.38 mag
(Schodel et al. 2010; Do et al. 2013a; Schodel et al. 2014b; Cox 2000, Table 7.6, and 7.8).
We used this knowledge to identify foreground stars. Stars with a bluer extinction-corrected
(H—-Kgs ) colour than the intrinsic colour are foreground stars. To account for uncertainties
in the extinction correction, we used a larger colour interval and classified a foreground star
when the extinction-corrected (H — K )o colour was less than —0.5 mag.

Identifying background stars is less obvious. Very red stars may not be background stars,
but be embedded in local dust features or have dusty envelopes. Viehmann et al. (2006)
showed that several red sources in the Galactic centre are not background stars, but bow-
shock sources. For red sources we have to consider the spectral type and the surroundings of
the star to decide whether it is locally embedded or a background star.

4.3.2 Completeness

It is important to know how complete our spectroscopic data set is up to a given magnitude.
Completeness is influenced by various factors, for example the depth of the observation,
the spatial resolution, but also the stellar number density of the observed field. In a dense
environment, crowding becomes stronger, and fewer faint stars can be detected.

We used the photometric catalogue by Schodel et al. (2010, and in prep.) to extract the
stars, which means that our spectroscopic data set can at best be as complete as the photo-
metric catalogue. Our data have a lower spatial resolution than the images used to produce
the photometric catalogue, and therefore the completeness of our data set must be lower.
The photometric catalogue contains 6 000 stars in the KMOS field of view. PAMPELMUSE

'We downloaded the extinction map from the CDS database. It turned out that the astrometry of the extinction
map was wrong by a scale factor of 60. We reported this issue to CDS, and the astrometry was fixed on 26th March,
2015.
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Figure 4.2: Number density profile of the spectroscopic data set in different magnitude bins.

Table 4.1: Completeness limits of the spectroscopic data set for different radial bins.

distance p 80 % completeness at Ks 50 % completeness at Kg

[arcsec] [mag] [mag]
p<5 13.0 £ 03 13.8 + 0.1

5<p<10 133 + 0.1 14.1 £ 0.1
p=10 135 £0.2 14.1 £ 0.2

extracted spectra from more than 4 000 stars with Kg < 17 mag. Only ~1 000 of these have a
spectrum with a S/N greater than 10. We determined the completeness of the spectroscopic
data set by comparing our data set with the photometric catalogue in different magnitude bins.
We assumed that the photometric catalogue is complete to 100 per cent up to Ks = 15 mag,
at least at a projected distance p >10" from Sgr A*.

The effect of crowding is illustrated in Fig. 4.2. We plot the number density profile of
our spectroscopic data set as a function of the projected distance p to Sgr A* in different
magnitude bins. Most of the stars are in the magnitude bin of 12 < Kg[mag] < 14. The
number density of bright stars with 10 < Kg[mag| < 14 decreases with increasing radius in
the central 10”, while the number density of faint stars in the magnitude bin 14 < K [mag] <
16 is nearly constant in the same radial range and even slightly increases. The reason for this
is crowding: There are more bright stars in the centre of the cluster, and they outshine the
faint stars. Therefore we miss more faint stars in the centre than farther out. This effect was
shown in previous studies (e.g. Schodel et al. 2007; Do et al. 2009; Bartko et al. 2010).
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Figure 4.3: Colour-magnitude diagram of the stars within the KMOS field of view with extracted
spectra and H and K photometry, after extinction correction. Stars with colours (H—Kgs )¢ <—0.5 mag
are most likely foreground stars (left of the vertical line). Different symbols and colours denote different
types of stars. Yellow circles denote emission-line/WR stars; cyan squares sources with featureless
spectra; green triangles O/B type stars; grey dots late-type stars; black plus-signs stars of uncertain
type. The right y—axis denotes the Ks magnitude after extinction correction, with a mean extinction of
Ak, =2.70 mag.

As a result of the higher crowding in the centre, the completeness limits depend on the
distance from the centre. For this reason we determined the completeness separately for stars
located within p <5” from Sgr A*, stars with 5" < p < 10", and stars beyond 10”. The spec-
troscopic completeness was then estimated by comparing the number of stars as a function of
magnitude N(Ky) in the spectroscopic data set with the total number of stars from the pho-
tometric catalogue. We calculated the fraction of stars that are missing in the spectroscopic
data set for different magnitude bins to correct our number density results by that fraction.
To derive the fraction of missing stars, we binned the stars in magnitude bins of AKg. We
varied the size of the magnitude bins to test the effect of the magnitude binning. We tried
AKg =0.7mag, AKs =0.5mag, and AKs =0.3 mag. The difference gives the uncertainties
of the completeness limits. We list our 80 and 50 per cent completeness limiting magnitudes
in Table 4.1 for the three different radial bins. At greater distances, the completeness limits
are shifted to fainter stars than in the centre as a result of crowding. The completeness limits
did not vary beyond their uncertainty when we chose slightly different radial bins.

We investigated the effect of source confusion on our ability to classify stars. We conclude
that crowding only has a minor effect on our completeness limit, and the S/N degradation does
not severely affect our ability to classify stars brighter than our completeness limit.
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4.3.3 Spectral identification of late- and early-type stars

We visually investigated the spectra and classified the stars into three categories: (a) late-type
stars, (b) early-type stars, and (c) uncertain type. Late-type stars are rather cool and have CO
absorption lines. Most of them are of old to intermediate age (Pfuhl et al. 2011), although
there are exceptions such as the red supergiant IRS 7, which is only ~7 Myr old (Carr et al.
2000). Late-type stars are in the majority with ~990 stars. They will be analysed in detail in
Chapter 5.

Early-type stars can be separated into emission-line stars, O/B stars, and featureless spec-
tra. The data set contains 29 stars with emission lines, 23 of which are Wolf-Rayet (WR)
stars and six stars have narrow emission lines (see Sect. 4.4.2.3). The O/B star spectra have
no CO lines but rather He and/or H (Br ) absorption lines. Our data set contains 76 O/B stars
(see Sect. 4.4.1). A further nine stars have featureless spectra without strong absorption or
emission features, but strongly increasing continuum (see Sect. 4.4.3). They are associated
with bow shocks. The remaining 40 spectra are in category (c) of uncertain type, mostly
because the S/N was too low or because the spectra are contaminated by the light of nearby
brighter stars.

Figure 4.3 shows a colour-magnitude diagram (CMD) using H and Ks after extinction
correction. The location of these stars is also indicated in Fig. 4.1 with the same colour
coding. We would like to point out that almost all WR stars are redder than the O/B stars. This
is because they have evolved off the main sequence and may be producing dust. Therefore,
the observed mean position of the WR stars on the red side of the CMD supports our stellar
classification and the accuracy of the CMD.

4.3.4 Deriving stellar kinematics

Stellar kinematics are useful to study the origin of the early-type stars. In this section we
describe our routine to fit the radial velocities of O/B stars.

The broad lines of the Wolf-Rayet stars make it difficult to determine their radial veloc-
ities. The lines are mostly a combination of several blended lines, and the stars have fast
winds and outflows. For the featureless sources no spectral lines can be fitted. For the O/B
stars we used the penalized pixel-fitting (PPXF) routine to fit the Br y and He lines (Cap-
pellari & Emsellem 2004). We used template spectra from three different libraries: Wallace
& Hinkle (1996), Hanson et al. (2005), and KMOS B-main-sequence stars. The KMOS B-
main-sequence stars were observed in our program as telluric standard stars. From Hanson
et al. (2005) we only used the O/B stars that were observed with ISAAC/VLT (R ~ 8 000).
We measured the radial velocities of the O/B templates by fitting the Brvy line and shifted
the templates to the rest wavelength. The high-resolution templates were convolved with a
Gaussian to match the spectral resolution of the KMOS data. Then we ran pPPXF on our data.

The uncertainty of the radial velocity was measured using Monte Carlo simulations. We
added random noise to the spectra and fitted the radial velocities in 100 runs. The standard
deviation of the 100 measurements was our uncertainty. The results are listed in Table 4.6 and
are analysed in Sect. 4.4.5. The wavelength region of the He I and Br y absorption lines also
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shows He I and Br y emission from ionised gas (see Sect. 4.4.2.1). The program PAMPELMUSE
subtracts the background when extracting the stellar spectra, but the surrounding gas emission
increases the noise in this wavelength region. This induces high uncertainties in our radial
velocity measurements. For this reason, the median value of the radial velocity uncertainty is
O median ~ 60km-s~!. We compared our radial velocity measurements with the data of Bartko
et al. (2009) and Yelda et al. (2014). There are nine stars with independent radial velocity
measurements from this work and the previous studies. Using these stars, we can estimate the
so-called true external o of our measurement, meaning that we can test whether we over- or
underestimate the uncertainties. The procedure was described by Reijns et al. (2006). First,
we measured the mean velocity offsets (v; —v;) (i = 1,2,3; j = 2,3, 1) between each pair of

the three studies for the overlap stars and the respective standard deviation o-%l,_vj.
, .

vi—vj T

Because
o 0'3[_ + 0'3/_, we can calculate the true o, (i = 1,2,3) from the three measurements

2
of oy, -

A comparison of the external error oex; With the mean error o mean of the individual radial
velocity measurements indicates whether we over- or underestimate the uncertainty. The
external error oex; = 45km-s™! for our radial velocities is smaller than the mean error omean
of the nine overlap stars. oy is approximately 0.7 times the mean error o-mean. Of the nine
stars with three independent radial velocity measurements, five stars in our data set have a
high S/N>56 (Id 109, 205, 294, 331, 372), but four stars (Id 707, 1123, 1238, 2233) have
a low S/N (<30). The velocities of three of these four stars with low S/N agree with the
measurement of Bartko et al. (2009) or Yelda et al. (2014) within the uncertainties. However,
we consider the radial velocity measurements of the five stars with the higher S/N more
reliable. The external error calculated from the five stars with high S/N is gex = 27 km-s~.
This is 0.8 times the mean error omean, thus our errors appear to be accurate to within 20 per
cent. Although nine independent radial velocity measurements are not enough for an accurate
determination of oy, our analysis indicates that we do not underestimate the radial velocity
erTors.

4.4 Results

Here we first present the O/B type stars, and we derive their masses from the photometry. We
obtain maps of the emission line flux that is generated by the minispiral and the circumnuclear
ring. For stars with narrow emission lines and Wolf-Rayet stars we show spectra and the
spectral classification, followed by the spectra of featureless sources. We finally present the
spatial distribution of the early-type stars. We also investigate the O/B star kinematics and
stellar orbits.
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4.4.1 O/B type stars
4.4.1.1 Identifying O/B stars

O/B-stars have effective temperatures of Teg >10,000K (e.g. Martins et al. 2005; Crowther
et al. 2008). The most prominent lines in O/B giant K-band spectra are the He I (2.058 um,
2.113 um and ~2.164 um), H I (4-7) Br y (2.166 um), and He II (2.1885 um) lines (Hanson
et al. 2005). The 2.113 um complex is also partly generated by N III. These lines appear
mostly in absorption, but can also be in emission or absent, depending on the spectral type
(Morris et al. 1996).

Previous studies found ~100 O/B supergiants, giants, and main-sequence stars in the in-
nermost parsec of the Galaxy (e.g. Paumard et al. 2006; Bartko et al. 2009; Do et al. 2013a;
Stgstad et al. 2015). Our spectroscopic data set contains 76 O/B stars, 52 of which were
reported in previous spectroscopic studies, but 24 sources appear not to have been identi-
fied before, due primarily to the wider field of view of our observations relative to previous
spectroscopic studies.

The spectra of the newly identified O/B stars are shown in Fig. 4.4. Five of them are
probably foreground stars, as they have very blue colours (Id 436, 663, 1104, 3308, and
3339, (H - Ky )0 =-2.04,-0.53,-0.52, -0.50, and —1.92 mag). For one of the O/B stars (Id
982) we had to assume a mean extinction value of Ag; =2.70 mag because this star is beyond
the field of view of the extinction map of Schodel et al. (2010). This means there is a large
uncertainty in the star’s colour of (H — Ky )o = 0.04 mag. If the local extinction is higher than
the assumed mean extinction value of Ag; =2.70 mag, this could mean that this star also is
a foreground star. For the star Id 2048 we have no colour information and cannot determine
whether this star is a foreground star.

We list our sample of O/B-type stars in Table 4.4. This table provides the star Id, right
ascension R.A., declination Dec (in equatorial coordinates), the offset coordinates AR.A. and
ADec with respect to Sgr A*, the magnitude Ky, remarks on the star colour, the star name
and type (if available), and a note to the respective reference.

The O/B-type stars were identified by inspecting the spectra of all stars in our data set.
To verify our visual classification, we measured the equivalent widths (EW) of the 12CO(2,0)
line at 2.2935 um, and the Na I doublet at 2.2062 yum and 2.2090 um. We used the definitions
of band and continuum from Frogel et al. (2001). For the late-type stars we obtain a mean
value of EWco 1t = 18.30 (EWNarT = 4.60) with a standard deviation of ocor = 5.20
(0NaLT = 2.13). The mean uncertainty is only Agweg;r = 0.39 (Apwy, 1 = 0.25). For the
O/B stars, the equivalent widths for CO and Na are lower, with a mean value of EWco o =
—0.76 and ocoop = 3.25 (EWnNao = 0.47 and oNa08 = 1.75). This means that the
equivalent width of the CO line of O/B stars is on average more than 3.670 smaller than
for late-type stars, and the equivalent width of Na is ~1.97¢0" smaller. We list the equivalent
widths of CO and Na for the O/B stars in Table 4.5.

O/B giants and supergiants have observed magnitudes of Kg = 11 — 13 mag at the Galac-
tic centre, while O/B main-sequence stars have Kg =13 — 15 mag (Eisenhauer et al. 2005;
Paumard et al. 2006). To estimate the luminosity class of the O/B stars in our sample, we
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Figure 4.4: Spectra of the newly identified O/B type stars. The fluxes are normalised and an offset is
added to the flux. The spectra are not shifted to rest wavelength. The numbers denote the identification
numbers of the stars as listed in Tables 4.4, 4.5, and 4.6. We also show the S/N and denote probable
foreground stars with “fg”.
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corrected the K5 magnitude using the extinction map provided by Schodel et al. (2010) and
added a mean extinction of Ags = 2.70 mag to the Ks magnitude. We chose Ak =2.70 mag
since this is the mean value of Ak, from Schodel et al. (2010) in our field of view. The re-
sulting values are given in Table 4.4 (see also the right y-axis in Fig. 4.3). With this rough
magnitude cut, we estimate that about 70 per cent of the O/B stars in our data set are giants
or supergiants, and 30 per cent are main-sequence stars.

4.4.1.2 Mass estimates and dust extinction

To determine the spectral type of O/B stars in the K band, the data quality has to be very high.
The He I line at 2.058 um is in a region of high telluric absorption and low S/N. The minispiral
emission increases the noise at 2.058 ym and 2.166 um. Since the gas emission is spatially
highly variable, the background subtraction is imperfect. But even without these difficulties,
a spectral classification is complicated. Hanson et al. (2005) collected K-band spectra of O
and early-B stars of known spectral type. They found that for a determination of T.g and
log(g), the spectral resolution should be R~ 5000 or higher. Furthermore, a S/N > 100 is
desirable. For the stars in our data set, these conditions are not fulfilled. Therefore we cannot
place more constraints on the spectral types of our O/B star sample.

Nevertheless, we can estimate the mass of the O/B stars under some assumptions from the
photometry. The intrinsic colour of O/B stars is in a very narrow range close to (H — Ks )o =
—0.1 mag (Cox 2000, Table 7.6, and 7.8). Therefore the wide spread of the O/B stars over
~1 mag on the CMD (Fig. 4.3) is mostly due to imperfect extinction correction. For the
extinction correction we used the extinction map of Schodel et al. (2010). It was derived
by averaging over several stars and is therefore only an approximation to the real local ex-
tinction. However, because we spectroscopically selected the stars and all O/B stars have
intrinsic colours (H — Ks )¢ ~ —0.1 mag, we can use the photometric colours to obtain inde-
pendent extinction estimates. We assumed an extinction law of Ay o 7% to calculate the true
extinction for each single O/B star and its true magnitude K5 . We used the extinction law
coefficient of @=2.21 (Schédel et al. 2010). The results for K ¢ and Ak, are listed in Cols.
4 and 5 of Table 4.5 for the 73 O/B stars with H and Kg photometry. The uncertainty ok,
contains the propagated error of the measured photometry oy and o, the error of the true
intrinsic colour oy, , the extinction-law coeflicient uncertainty o, and the Galactocentric
distance uncertainty og,.

The derived extinction values Ak, range from 0.42mag for probable foreground stars
to 3.06 mag. The median extinction value of O/B stars that are not flagged as foreground
stars is 2.48 mag with a standard deviation of 0.22 mag. The extinction derived from the
extinction map is mostly higher, with a median of Ag, =2.63 mag and a standard deviation
of 0.15mag. We plot the extinction derived from the intrinsic colours against the extinction
from the extinction map of Schodel et al. (2010) in Fig. 4.5. For the two stars Id 436 and 3339
it is obvious that they are foreground stars, the extinction derived from the intrinsic colour
is lower by more than 2 mag than Ak, from the extinction map. We also classified the three
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Figure 4.5: Comparison of the extinction Ak, in magnitudes derived from the intrinsic colour with the
extinction from the extinction map of Schodel et al. (2010) for O/B stars. The black line denotes the 1:1
line; filled squares foreground stars; open triangles cluster member stars. Typical error bars are shown
in the lower right corner.

stars Id 663, 1104, and 3308 as foreground stars. With the large uncertainty of the extinction,
these stars might be cluster member stars.

There appears to be a systematic offset between the extinction: Ak derived from intrinsic
colours is mostly lower by ~0.2 mag than the value of Ak, from the extinction map. We varied
different input parameters to test their effect on our result of Ag, . A lower value of (H — Ks )o
than —0.1 mag is unlikely. However, when we changed the extinction law coefficient @ from
2.21 (Schodel et al. 2010) to 2.1, the offset of 0.2 mag disappeared. Previous studies measured
a in the range of 2.0 to 2.64 (Gosling et al. 2009; Stead & Hoare 2009; Nishiyama et al.
2009; Schodel et al. 2010). The value of @ has the largest uncertainty and can therefore alone
account for the offset.

We also used isochrones to estimate the stellar mass given the position of the star in
the CMD. We used the isochrones of Bressan et al. (2012), Chen et al. (2014a) and Tang
et al. (2014) downloaded at 2 with solar metallicity. Ramirez et al. (2000) found that the
iron abundance [Fe/H] of the Galactic centre stars is roughly solar. However, the a-element
abundance is super-solar (Cunha et al. 2007; Martins et al. 2008). Paumard et al. (2006) and
Lu et al. (2013) showed that the young population in the Galactic centre is 3 — 8 Myr old. We
used isochrones in this age interval with a spacing of A(log(age/yr)) = 0.01. The isochrones
are for 2MASS photometry, therefore we shifted the colours to our ESO photometry using
the equations given by Carpenter (2001, 2003 version at 3).

2h‘ctp ://stev.oapd.inaf.it/cmd
3h‘ctp ://www.astro.caltech.edu/~jmc/2mass/v3/transformations/
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Figure 4.6: Cumulative mass distribution of star Id 617. The horizontal lines denote 0.16, 0.5, and 0.86

percentiles, the vertical lines denote the corresponding masses. We derived a mass of M, = 34:13 Mg

for this star.

For the O/B stars in our data set we computed the likelihood £ of (H — Ks)o = (H —
Ky )iso and K50 = Kg,jiso

A exp 1 (Ks,o — Ks.iso )2 N
mo—Ks,o 2 OKs0

1 exp[_l((H—KS)o—(H—Ks)iso)z]’

\/EU(H—KS )0 2 O-(H_KS )0

where (H — K )iso and K jso are the isochrone points from all isochrones in our age interval.
To each isochrone point there is a corresponding stellar mass M. Because we used various
isochrones, there can be different stellar mass values for the same value of (H — K )iso and
Ks iso. We have a distribution of stellar masses, and we used the likelihood to calculate the
probability mass function of the stellar mass for each O/B star separately. In Table 4.5 we list
the median mass of each star in the probability function (column M,), the uncertainties are
derived from the 0.16 and 0.84 percentiles. Figure 4.6 shows the cumulative mass distribution
of star Id 617 as an example. The masses of our O/B star sample range from 43 M for the
brightest stars to only 7 Mg for a probable foreground star. When we used isochrones with
a slightly higher metallicity, we obtained lower stellar masses in most cases. However, the
results agree within their uncertainties.

We estimated the total mass of the young star cluster with some assumptions. In Sect.
4.3.1 we have shown that the 80 per cent completeness limit is at Kg~13.2mag. When
we consider only O/B stars with Kg < 13.2 mag and with M, > 30 M, the mass function is
approximately complete. The initial mass function (IMF) of young stars in the Galactic centre
is top-heavy (Bartko et al. 2010; Lu et al. 2013). We fitted the IMF dN/dm = A xm™ to
the observed mass function in the mass interval [30 Mq; 43 My ], where we have 51 stars. We
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used the software mpriT (Markwardt 2009) to fit the coefficient A and use a values from the
literature. We refrained from fitting . The covered mass interval and the number of stars are
too small to constrain the shape of the IMF. Then we integrated the IMF from [1 Mg; M] to
obtain the total mass of the young star cluster. As our mass function contains only O/B stars
and no emission-line stars, which are also young and in the same mass interval, we derived
only a lower limit for the young star cluster mass.

Assuming an IMF with a=1.7 (Lu et al. 2013) and M=150 M, we obtain M;;hg,MSISOM@

=21,000 Mo, and with @ = 0.45 (Bartko et al. 2010), we obtain M{ 0\ =32,000 Mo.
a=1.7

With an upper integration limit of M = 80 M, the young cluster mass is Myoun'g M<80Mo

= 16,000 Mg, for @ = 1.7 and M®=04> = 12,000 Mo, for @ = 0.45. We thus give
young, M=80My
Miotal,young ~12,000 M as a lower limit for the mass of the young star cluster. When we

consider the lower mass limits of the stars, the total mass is decreased to M®=17
young, M<80Mq

= 6000 Mg (M?;gg% <SOMy = 10,000 Mg). The binning uncertainty is also of the order
~3 000 Mg,

4.4.2 Emission line sources

There are three sources of emission lines in the Galactic centre: (a) Extended ionised gas
streamers, the so-called minispiral, or Sgr A East; (b) molecular gas; and (c) emission-line
stars, which mostly are WR stars.

4.4.2.1 Ionised gas streamers

The gas streamers of the minispiral can be seen in our data in the HI (4-7) Bry 2.166 ym and
He 12.058 um (25 'S-2p ' P9) lines. We fitted Gaussians to the H I Br y and He I 2.058 um
emission lines using the KMOS mosaic. The resulting flux maps are shown in Fig. 4.7 for
Br v and in Fig. 4.8 for He I emission. The images are oriented in the Galactic coordinate
system and are centred on Sgr A*, which is shown as a red or black cross. We chose the
applied flux scaling in the Figs. 4.7 and 4.8 to show the extended minispiral structure, but the
flux of the emission lines is not saturated in the data. The H I Br y emission is stronger than
the He I emission, therefore the He I map is noisier.

The gas emission is very bright and complicates the measurement of equivalent widths
of the He I and H I Br y absorption features of O/B-type stars. Since the gas emission is
also highly variable on small spatial scales, we refrained from modelling the gas emission.
PampELMUSE subtracted the surrounding background from the spectra, but residuals remain
in our data. Subtracting the gas emission close to the star can be complicated even for high-
angular resolution data (see Paumard et al. 2006). However, as the gas emission lines are
very narrow compared to emission lines from Wolf-Rayet stars and because most emission-
line stars have additional C or N lines, we can distinguish between the different emission line
sources.
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Figure 4.7:
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Emission line map of Br y gas at 2.1661 um of the full KMOS mosaic. The axes show
the distance from Sgr A* (red plus sign) in Galactic coordinates. Black crosses with cyan surrounding
square symbols denote the positions of the sources with featureless spectra (see Sect. 4.4.3). The flux
of Br y emission is not saturated, but the scaling was set low in order to show the fainter, extended

structure of the minispiral.

Figure 4.8: Same as Fig. 4.7 for He I gas at 2.0587 um. The black plus sign denotes the position of
Sgr A*. The He I emission line is weaker than the Br y line. Black crosses with yellow surrounding
square symbols denote the positions of the emission-line stars (see Sect. 4.4.2.3). The He I line flux is
not saturated in the data, but we set the scaling in this image low in order to show the extended structure
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Figure 4.9: Same as Fig. 4.7 for Hp gas at 2.1218 um. The red plus sign denotes the position of Sgr A*.
The H; line flux is not saturated in the data, but we set the scaling in this image low in order to show
the extended structure of the gas.

4.4.2.2 Molecular gas

The molecular gas in the Galactic centre is concentrated in a circumnuclear ring (CNR). This
clumpy gas ring extends over a projected distance of ~1.6 to 7 pc (41”7-3’, e.g. Yusef-Zadeh
etal. 2001; Lee et al. 2008; Smith & Wardle 2014) and rotates with ~110km-s~! (Christopher
et al. 2005; Feldmeier et al. 2014). The gas ring consists of two prominent symmetric lobes
north-east and south-west of Sgr A*.

Our data set maps only the inner edge of the circumnuclear ring. We fitted Gaussians to
the Hp emission line at 2.1218 um (1-0 S(1)) using the KMOS mosaic. Figure 4.9 shows the
H; flux map in the Galactic coordinate system. There are several gas streamers and clumpy
structures within the projected distance of the circumnuclear ring.

4.4.2.3 Emission-line stars: Spectral classification

Stars with a He 1 2.058 yum emission line can belong to many different types such as WR stars,
intermediate types such as Ofpe/WN9 (O-type spectra with additional H, He, and N emission
lines, and other peculiarities), and luminous blue variable (LBV) stars. Paumard et al. (2001)
suggested two classes of He I 2.058 um emission-line stars in the Galactic centre: Stars
with narrow emission lines (FWHM~200 km-s~!) and stars with very broad emission lines
(FWHM~1 000 km-s~!). Paumard et al. (2001) roughly sorted narrow-line stars into LB V-
type stars, with temperatures of 10,000 — 20,000 K, and broad-line stars to WR-type stars,
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Figure 4.10: Spectra of stars with narrow emission lines and Wolf-Rayet stars. The lower six spectra
are Ofpe/WN9 stars with narrow emission lines (FWHM ~ 200 km~s‘1). Fluxes are normalised and an
offset is added to the flux. The spectra are not shifted to rest wavelength. The narrow emission line in
the 2.167 um emission line of spectrum Id 1237 is a residual of poorly subtracted minispiral emission.

with higher temperatures of >30,000 K. In broad-line star spectra the lines have a higher peak
value above the continuum than in narrow-line star spectra.

Wolf-Rayet (WR) stars are evolved, massive stars (>20 Mg while on the main sequence,
Sander et al. 2012). Their spectra show strong emission lines because these stars are losing
mass. Figer et al. (1997) provided a list of WR emission lines in the K-band; among them the
He I, He II, HI, N III, C III, and C IV transitions. WR stars can be sorted into WN and in WC
types. WN-type spectra are dominated by nitrogen lines and WC-type spectra are dominated
by carbon and oxygen.

We have 29 spectra with a He I 2.058 um emission line/WR stars. These stars are al-
ready known, for instance from Krabbe et al. (1995), Blum et al. (2003) and Paumard et al.
(2006). We list these stars in Table 4.2, and their spatial distribution is shown in Fig. 4.1 with
yellow symbols. The spectra are shown in Figs. 4.10, 4.11, and 4.12. In some spectra the
residual from the minispiral gas emission after the subtraction is still visible, for example in
Id. 1237/IRS 7E2 (ESE) at ~2.167 um. The brightest WR stars are also visible in the emis-
sion line maps in Figs. 4.7 and 4.8 as bright point sources. As a result of their large FWHM,
the emission lines are blends of several lines. Therefore radial velocity measurements of WR
stars are highly uncertain with our data. Tanner et al. (2006) obtained high-resolution spectra
and measured the radial velocities of emission lines stars in the Galactic centre.

Paumard et al. (2006) listed eight stars in their Table 2 as Ofpe/WNO stars because they
showed narrow emission lines and a He I complex at 2.113 um. The KMOS spectra of these
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Figure 4.11: Spectra of Wolf-Rayet stars of type WN and WN/WC, ordered by increasing WN-type
from bottom to top. The fluxes are normalised and an offset is added to the flux. The spectra are not
shifted to rest wavelength.

2.1 22)\ [k 23 2.4
Hell ‘ Hell NI é IV/N1V ‘
L Hell ClII
- Hel ClIII
L CIv e
L eIl

()
£ F TRSHN / 185 wceo
"‘_"‘: [PMM2001]B1 / 1181 WC9 7
E - RS7TW'7 1703 w9 i
T or ‘ BNMNZO01(B9 7 1358 WY .
g TRG9SW 7 1219 Weo i
iy Blum /1188 VC879 7
GMZ006]E7T 7 2677 W7

IRS29NE1 / 638

2.1 22 23 24
A [pm]

Figure 4.12: Spectra of Wolf-Rayet stars of type WC. The classification from Paumard et al. (2006,
PGMO06) is written for all spectra. The narrow emission line at 2.167 um of spectrum Id 784 is a residual
of the subtracted minispiral emission. The fluxes are normalised and an offset is added to the flux. The
spectra are not shifted to rest wavelength.
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stars are shown in Fig. 4.10. All spectra have P Cygni profiles at 2.058 um, at the He I line.
This indicates that these stars are a source of strong stellar winds (~200 km-s~). However,
two of the stars (Id 144/AF and Id 1237/IRS 7E2 (ESE)) look different in our data from
the other Ofpe/WNO stars. They have significantly broader lines, with FWHM ~700 km-s~!
instead of ~200km-s~!. The 2.113 um feature is mostly in emission and not in absorp-
tion, in contrast to the other six as Ofpe/WNO identified stars. Furthermore, a feature at
He II 2.1891 um appears in emission. Figer et al. (1997) showed that the ratio between
the 2.1891 um feature and the 2.11 um feature is strongly correlated with subtypes for WN
stars and increases with earlier subtype. This 2.1891 um feature is also present in the other
WN stars of our data (see Fig. 4.11). Therefore we conclude that the stars Id 144/AF and
Id 1237/IRS 7E2 (ESE) are not Ofpe/WN9 stars but are hotter stars, such as WN8 or WN9.
Tanner et al. (2006) also classified star AF (Id 1206) as a broad emission-line star.

The spectra of stars classified as WN stars in Paumard et al. (2006) are shown in Fig. 4.11.
WN stars can be separated into an early (WN2 to WN6) and a late group (WN6 to WN9). The
only early WN star in our data, Id 574/IRS 16SE2, is a WN5/6 star (Horrobin et al. 2004).
The spectrum of Id 155/IRS 13E2 is classified as that of an WN star by Paumard et al. (2006)
without further specification. We find that this spectrum resembles the late WNS spectra of Id
452/AFNW and Id 1354/IRS 9W. Stars Id 784/WR101da and Id 1494/IRS34 NW were clas-
sified as WN7 stars. Their spectra have only weak emission lines, for example at 2.189 ym
(He II) and 2.347 um (He II).

Star Id 491/IRS 15SW was classified as a transition-type WN8/WC9 star by Paumard
et al. (2006). In addition to the aforementioned He I and He II emission lines, the spectrum
shows the C IV doublet at 2.0796 and 2.0842 ym, and C III at ~2.325 um in emission.
These features are much weaker than the He and H lines. The spectrum of Id 666/IRS 7SW
has the same C IV and C III lines, although it was classified as WN8 by Paumard et al.
(2006). Therefore we suggest that Id 666/IRS 7SW is a WN/WC transition-type star like Id
491/IRS 15SW.

WC stars have C III and C IV emission lines that are about as strong as the He lines.
Figure 4.12 shows the spectra of WC stars in our data set. The classifications are adopted
from Paumard et al. (2006). We find that for stars Id 185/IRS 29N, Id 283/IRS 34, Id 303,
and Id 638/IRS 29NEI1 the emission lines are rather weak. This cannot be caused by the S/N,
which is higher than 55 for all of the four spectra. The continua of these four spectra show
a steep rise with wavelength, and these stars are also very red ((H — Kg )o >0.54 mag). This
suggests that these stars are embedded in dust (Geballe et al. 2006). The continuum emission
from the surrounding dust dilutes the stellar spectral lines (for a discussion see Appendix
4.7).

In summary, we confirm that 29 stars are emission-line stars. We classify the stars Id
144/AF and Id 1237/IRS 7E2 as broad emission-line stars and the star Id 666/IRS 7SW as a
WNS8/WC9 star, in contrast to Paumard et al. (2006). Four of the stars (Id 185/IRS 29N, Id
283/IRS 34, Id 303, and Id 638/IRS 29NE1) have only weak emission lines, which can be
explained by bright surrounding dust. Despite their red colours, we do not consider them to
be background stars. We discuss these findings in Appenix 4.7.
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Table 4.2: Emission-line and Wolf-Rayet stars

Id RA Dec Colour Name Type PGM06Y  S/N

[] ]
9 2664168 —29.00748 IRS16NW Ofpe/WN9?  E19 96
10 266.4171  —29.00870 IRS33E Ofpe/WN9?  E41 91
97 2664172 —-29.00808 IRS16SW Ofpe/WN9?  E23 82
243 266.4155 —-29.00740 red IRS34W Ofpe/WN9?  E56 71
260 266.4171 —29.00764 IRS16C Ofpe/WN9?  E20 102
25346  266.4177 -29.00757 IRS16NE Ofpe/WN9?  E39 95
144 2664148 —29.00974 AF WN¢ E79 78
155 2664158 —29.00831 IRS13E2 WN¢ E51 46
414 2664172  -29.00458 IRSISNE WNB8/9” E88 55
452 266.4144  —29.00883 AFNW WNg? E74 69
491  266.4163  —29.00504 IRSISSW WNS/WC9  E83 50
574 266.4178 —29.00814 IRS16SE2 WNS5/6" E40 34
666 266.4156 —29.00647 IRS7SW WN§/WC9*  E66 60
784  266.4154  —29.00827 WR101da WN7?° E60 39
813 266.4138 —29.00854 AFNWNW WN7b E81 57
1237  266.4182  —29.00647 IRS7E2(ESE) WN¢ E70 36
1354  266.4178  —29.00939 IRSOW WNgb E65 36
1494 266.4156  —29.00704 IRS34NW WN7b E61 34
185 266.4163 —-29.00742 red IRS29N wCo? E31 82
283  266.4152 -29.00762 red IRS34 WwC9¢ 167
303 266.4174 —-29.00813  red MPE+1.6-6.8  WC8/9” E32 69
581 266.4186 —29.01009 IRS9SE WCo? E80 91
638 266.4165 —29.00725 red IRS29NE1 wC8/9” E35 55
1181 266.4198 -29.00775 [PMM2001]B1 ~ WC9” E78 39
1188  266.4141  —29.00930 Blum wWC8/9” E82 21
1219 266.4182  —29.01005 IRSO9SW wWCo? E76 42
1258 266.4178 —29.00686 [PMM2001]B9 ~ WC9” E59 40
1703 266.4161 —29.00616 IRS7TW wCo? E68 20
2677 266.4173  —29.00601 wWC8/9” E71 27

Notes. (@) Spectral classification from this work () Spectral type from Paumard et al. (2006)
(© Spectral type from Blum et al. (2003) (4) PGMO06 refers to the nomenclature of
Paumard et al. (2006)

4.4.3 Featureless spectra

Previous studies pointed out that several sources apparently have featureless, steep K-band
spectra in the Galactic centre. For example, the spectra of IRS 3 and IRS 1W show no
detectable emission or absorption features (e.g. Krabbe et al. 1995; Blum et al. 2003). These
sources are often extended in mid-infrared images, and it was shown that they are bow shocks.
Bow shocks are caused by bright emission-line stars that either have strong winds or move
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Figure 4.13: Featureless spectra. Emission lines are due to imperfect background subtraction and
caused by He I, H I, and H; gas emission. The fluxes are normalised and an offset is added to the flux.
The spectra are not shifted to rest wavelength.

through the minispiral (e.g. Tanner et al. 2005, 2006; Geballe et al. 2006; Viehmann et al.
2006; Perger et al. 2008; Buchholz et al. 2009; Sanchez-Bermudez et al. 2014).

We detected several featureless sources in our KMOS data. They are listed in Table 4.3,
and their spectra are shown in Fig. 4.13. The first column of Table 4.3 denotes the Id, R.A.,
and Dec from our catalogue. Most of the sources with featureless spectra are located close
to the minispiral. The last column of Table 4.3 gives their location within the minispiral.
We also indicate their positions in Fig. 4.7. Many of the stars are either connected with the
Northern Arm (NA) or the Bar. Only star Id 247/IRS 3 is in a region of low ionised gas
emission. Nevertheless, it is the most reddened of these sources.

Bow shocks arise through the interaction of the interstellar medium (like the minispiral
gas) with the material expelled from mass-losing stars. The central sources of Id 161/IRS 5
and Id 25347/IRS 1W are probably WR stars (Tanner et al. 2005; Sanchez-Bermudez et al.
2014). The source Id 247/IRS 3 was classified as WC5/6 (Horrobin et al. 2004) and as an
AGB star (Pott et al. 2005). The spectrum of Id 247/IRS 3 shows a broad emission bump
at 2.078 um, but this could be caused by the close WN5/6 star IRS 3E. This star is rather
faint (Kg = 14.1 mag), however, compared to star Id 247 (Kg = 11.2 mag), and therefore the
spectrum has a too low S/N and is missing from our list of WR stars.

The spectrum of Id 477/IRS 8 in our data is nearly featureless, but Geballe et al. (2006)
were able to separate the spectrum of IRS 8 into the contribution of the bow shock and the
actual star, IRS 8*. They showed that star IRS 8* has several weak emission and absorption
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Table 4.3: Stars with featureless spectra

Id RA Dec Colour Name Type S/N  location
[°] ]
88 266.4189 —29.00637 .. IRS10W 110 NA
106 266.4176 —29.00855 red [BSD96186 116 Bar
161 266.4196 —29.00512 2 IRS5 WR/ 102 NA
247 266.4161  =29.00676 red IRS3 WC5/6¢ /AGB? 94 -
477 2664173  —28.99969 red IRS8 05-6¢ 58 NA-edge
541 266.4157 -29.00891 red IRS2L 51 Bar
702 266.4156 -29.00938 ... [SME2009]766 ... 51 Bar
705  266.4209 -29.00485 ... IRS5NE? G818 48 NA
25347 2664185 —29.00766 ? IRSIW Be?? /WR/ 125 NA

Notes. (@) Kg magnitudes from Schodel et al. (2010), if available (b) Spectral type from Paumard et al.
(2006) () Spectral type from Horrobin et al. (2004) (d) Spectral type from Pott et al. (2005) (e) Spectral
type from Geballe et al. (2006) () Spectral type from Tanner et al. (2005), Sanchez-Bermudez et al.
(2014) (8) Spectral type from Perger et al. (2008)

lines and classified IRS 8* as O star. One star in our sample of featureless sources (Id 705)
was classified as a late-type star by Perger et al. (2008).

These featureless sources are also very red in H — Kg, as we show in Fig. 4.3. We find
that of all of the sources, the spectra of Id 247/IRS 3 and Id 541/IRS 2L have the steepest
continuum rise to longer wavelengths (slope m=Aflux/A1=4.2 and 3.3, respectively). These
sources are probably not background stars, but surrounding dust causes the reddening.

In brief, many stars with featureless spectra were either classified as young emission-
line or O-type star, or their red colour and continuum shape suggest that they are young,
embedded stars. Therefore we also consider these stars as young early-type stars of the Milky
Way nuclear star cluster.

4.4.4 Spatial distribution of early-type stars

Our wide-field study of early-type stars confirms the results of previous studies in smaller
regions (e.g. Stgstad et al. 2015). Young stars are mostly concentrated at p <0.5 pc (see
Fig. 4.1). Previous spectroscopic data sets were spatially asymmetric with respect to Sgr A*
and therefore were potentially biased. For example, Do et al. (2013a) observed the Galac-
tic centre along the projected disc of young stars. Our data set is completely symmetric
with respect to Sgr A* out to p = 12" (~0.47 pc). In the radial range to p =21"" (0.84 pc) we
only miss a small field of 10”8 x 10”8, therefore the area is complete to 91 per cent out to
p=21"(0.84 pc). The spatially nearly full coverage allows us to study the spatial distribution
of early-type stars.
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Figure 4.14: Cumulative number counts of early-type stars (open square symbols) and late-type stars
(filled diamonds) as a function of projected distance p from Sgr A*, normalised to one. Foreground
stars were excluded.

Figure 4.14 shows the cumulative number counts of our observed early-type stars and
late-type stars normalised to one, as a function of projected distance p to Sgr A*. Most
of the early-type stars lie within the central parsec and reach a cumulative frequency of 0.9
at p=12" (0.47 pc), whereas the late-type stars are distributed throughout the entire cluster
range. For this plot we did not correct for completeness. Including a completeness correction
would steepen the lines in the innermost regions even more. The median projected distance
to the centre is only 676 (~0.26 pc) for the early-type stars, but 19”” (0.74 pc) for the late-type
stars. We list the projected distance p to Sgr A* for the O/B stars in Table 4.6. The outermost
O/B star that is not a foreground star is Id 982 with p =2376 (0.92 pc). Only the featureless
source Id 477/IRS 8 has a larger distance p = 29”4 among the early-type stars.

While we benefit from the large spatial coverage, our data set lacks the spatial resolution
and the higher completeness of other studies (e.g. Bartko et al. 2010; Do et al. 2013a). In
Sect. 4.3.2 we calculated the fraction of stars that we missed in different radial and magnitude
bins. We used three radial bins (p <5”,5” < p<10”, and p > 10”) and magnitude bins with a
width of AKg = 0.5 mag. We corrected our number counts of early-type stars in the different
magnitude and radial bins by including the fraction of missed stars. Then we computed a
completeness-corrected stellar number density of bright stars with Kg<14.3 mag. We find
excellent agreement with the results of Do et al. (2013a, K’<14.3 mag), as shown in Fig.
4.15. Our data set extends to larger radii beyond 10”. There are only a few stars in this
region, and the number density of bright early-type stars decreases by more than two orders
of magnitude from the centre to a projected distance of p =1 pc.

Inspection of Fig. 4.1 shows that the distribution of early-type stars (i.e. O/B stars,
emission-line stars, and sources with featureless spectra) appears elongated, primarily along
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Figure 4.15: Stellar surface density profile for all early-type stars (O/B, emission line stars, and sources
with featureless spectra). We exclude possible foreground stars and apply a completeness correction
(see Sect. 4.3.1). We consider only stars brighter than Kg=14.3 mag. Open triangles denote this study,
filled squares the results of Do et al. (2013a).

the Galactic plane. However, there is a slight misalignment of the distribution of early-type
stars with respect to the Galactic plane. Most early-type stars beyond 0.5 pc (~12”8) are
either in the Galactic north-west (NW, top right), or south-east (SE, bottom left) quadrant.
We note that on larger scales the rotation axis also seems offset from the Galactic plane in a
similar direction (Feldmeier et al. 2014). The early-type stars are more centrally concentrated
in the north-east (NE) and south-west (SW) fields than in the SE and NW fields. The median
projected distances p are png = 0.19 pc (570) and psw = 0.23 pc (578) in the NE and SW
field, but psg = 0.26 pc (6”6) and pnw = 0.30 pc (7/8) in the SE and NW fields.

To quantify a possible asymmetric distribution, we compared the number of early-type
stars in the different quadrants Galactic NE, SE, SW, and NW. The centre is the position of
Sgr A*. We corrected for the slightly asymmetrically covered area and compared the number
of stars Nge|q in different fields. Probable foreground stars were not taken into account. We
find that there are about the same number of early-type stars in the NE, SE and SW fields, but
~1.4 times more early-type stars in the NW quadrant (corresponding to more than ten stars).
This is in contrast to the distribution of late-type stars, for which there are the fewest stars in
the Galactic NW.

As some of the early-type stars in the central ~0.5 pc are on a disc, asymmetry is not
unexpected. However, Fig. 4.1 shows that the line of nodes of the disc is ~60° offset from the
Galactic plane. The early-type stars also appear offset from the Galactic plane, but not by as
much. An important observational bias is introduced by the spatially variable extinction. This
is also shown in Fig. 4.1. In the underlying 1.90 um image there are some patchy regions with
less flux, for instance in the SW corner of the image. We detect fewer stars in these regions
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and find an asymmetric spatial distribution of early-type stars. As our extinction map does
not extend to this region, we cannot quantify the effect of the variable extinction. Thus we
cannot conclude whether dust alone can explain the asymmetry.

4.4.5 Kinematics of early-type stars

The early-type stars in the Galactic centre can be distributed into different groups based on
their kinematics. In the central p <0.03 pc (~0”8) is the S-star cluster. This group of =20
stars has high orbital eccentricities e (¢ = 0.8, Gillessen et al. 2009b). Most of the stars are
B-type main-sequence stars (K 214 mag). These stars are mostly too faint and too crowded
to be in our data set. The only exception is S2 (Id 2314), which is one of the brightest S-stars
with Kg=14.1 mag (for a Table of 51 sources in the S-star cluster see Sabha et al. 2010).

At greater distances, 0.03 pc < p <0.5pc (0.8-13"), there is a clockwise (CW) rotating
disc of young stars with moderate orbital eccentricities (e ~ 0.3). This disc contains WR,
O, and B stars (Yelda et al. 2014). Not all stars in this radial range lie on the disc, there is
also a more isotropic off-disc population. The disc and off-disc populations are very similar
and probably coeval (Paumard et al. 2006). It is not yet settled whether there is a second,
counterclockwise rotating disc. To assess whether a star belongs to the disc or not and if the
star is on a bound orbit, we have to know the stellar kinematics.

‘We measured the radial velocities of O/B stars as described in Sect. 4.3.4, and Table 4.6
lists the radial velocities v, of the O/B stars. When no good radial velocity measurement
was possible with our spectra, we list the radial velocity of Bartko et al. (2009), Yelda et al.
(2014), or an error-weighted mean of their measurements. Furthermore, we match the O/B
stars of our data set with the proper motions of Yelda et al. (2014) and Schodel et al. (2009).
These measurements are also listed in Table 4.6 as vra and vpe.. To transfer the proper
motion velocities into km-s~!, we assumed a Galactocentric distance of Ry = 8 kpc.

About 20 young stars are on the CW disc (Yelda et al. 2014). The CW disc has the orbital
parameters inclination i = 130° and ascending node () = 96° (e.g. Yelda et al. 2014; Bartko
et al. 2009; Lu et al. 2009; Paumard et al. 2006). The stars on the CW disc are approaching
(negative radial velocity, v,<0 ) in the equatorial North-West, and receding (positive radial
velocity, v,>0) in the equatorial South-East. Based on this simple criterion, we can exclude
the membership of 23 stars of our O/B star sample, 7 of which are newly identified O/B stars.
We list in the second last column of Table 4.6 whether v, agrees with the rotation of the CW
disc or not. If the entry in the sixth column of Table 4.6 is 0, a membership to the CW disc is
not possible according to v,, given the longitude of the ascending node () is 96°. If the disc
is warped, as found by Bartko et al. (2009), the value of () would change with the distance to
Sgr A*. Then the radial velocity criterion would exclude one star less.

The stellar kinematics are illustrated in Fig. 4.16. For 45 O/B stars we have the radial
velocity and proper motions, and for 22 stars proper motions alone. The directions of the
arrows denote the proper motion direction, the lengths of the arrows denote the proper motion
velocity vpm assuming a distance of 8 kpc. Additionally, we overplot the kinematics of the
emission-line stars with 27 radial velocities adopted from Tanner et al. (2006), and 28 proper

102



4.4. Results

V, [km s™]
[ | _ ]
-500 -300 -100r C] 100 300 500
0.5 5}30 -0.5
201 ‘\ T T ‘ . — T 7
[ 174541178 1745:40.034 17:45:38.801 |
— 29:00:13173 “‘ |
i o i |
10F ‘?6:}\ ' 0.5
SN ]
r S
= I < 1
= i SRS ]
R i A )
e 0 -29:00:28.173 | Bk 0.0 &
O. Tine of nodes R Ths — —
9] [ CWD YU 1
) r AN ]
A [ IRV i
|- (-\J \ 4
100 ADREIN
O NEE W 1705
[ 29:00:43.173 g —~——
: %% 1000 km/s ]
20 L L
20 10 0 -10 -20

R.A. offset ["]

Figure 4.16: Three-dimensional stellar kinematics of the O/B stars and emission line stars (smaller
arrows). The arrows denote the proper motions, colours signify different radial velocities v,. The
black cross indicates the position of Sgr A*. The coordinates show the offset to Sgr A* in equatorial
coordinates, the numbers at the top and left denote absolute equatorial coordinates. The Galactic plane
is plotted as a blue dashed line; the line of nodes of the clockwise disc with () = 96° as a red line; the
projected rotation axis of the clockwise disc as a green dot-dashed line.

motion measurements as slightly smaller arrows. Proper motions are taken from Yelda et al.
(2014) if available, and from Schodel et al. (2009) otherwise. Because we used the disc

parameters of Yelda et al. (2014) in our analysis, we give preference to the proper motions
derived by this study.

4.4.6 O/B star orbits

To identify stars on radial or tangential orbits, the angular momentum j, = xvy — yv, can

be used, or as suggested by Madigan et al. (2014), j. normalised to the maximum angular
momentum at projected radius p

p— 2y W 4.1)
\VGM.p
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x and y denote the distance to Sgr A* in equatorial coordinates, v, and vy are the proper
motions in the same coordinate system, M, =4.3 X 100 Mg (Ghez et al. 2008; Gillessen
et al. 2009b) is the mass of the supermassive black hole, and G is the gravitational constant.

The h-value constrains the stellar orbital eccentricity and shows whether the star is on
a projected orbit that is clockwise (CW) tangential (2 ~ 1) or counterclockwise tangential
(h ~ —1). We also list 2 in Table 4.6. If 4 is negative, this star is probably not a member of the
CW disc, although the radial velocity v, may agree with the CW disc. A value of & = 0 does
in principle mean the star is on a radial projected orbit. But this can have different reasons:
Either the star has a high orbital eccentricity (e > 0.8), a highly inclined orbit (i > 70°, with
90° meaning edge-on), or both. If we have both proper motion and radial velocity for a star,
we can compare the magnitude of the proper motion velocity vpm = (vﬁ AT szeC)l/ 2 to the
total three-dimensional velocity vio. If the proper motion velocity is much lower than the
radial velocity, that is, the three-dimensional velocity vector is mainly pointing along our
line of sight, the star is on a close to edge-on orbit. For example, a value of vpm/ Vot < 0.2
indicates a high inclination of the orbit. Then a low value of || tells us nothing about the
eccentricity of the stellar orbit.

Twenty-four stars have |h| <0.2, suggesting a high eccentricity e, a high inclination i, or
both. For 18 of these stars we have kinematics in three dimensions, thus we can infer for three
stars that they have orbits with high inclination, they are marked with a footnote in Table 4.6
(Id 483, 728, and 853). On the other hand, we have 11 stars with |k| < 0.2, for which the ratio
[Vpm|/Vtor = 0.6 indicates a rather low inclination. Therefore the orbits of these stars have
truly high eccentricities.

Although a low value of |k does not necessarily mean a radial orbit, a value of # >0.6 is
an indication that a star is on the CW disc. Our data set contains 14 stars (~20 per cent) with
h >0.6, for eight (~12 per cent) of them v, also agrees with the CW disc, but for four of them
it does not. Only one star of the new O/B stars is a good candidate for being on the CW disc:
Id 596 has & =0.82 and is at a distance of p =735 (~0.3 pc) from Sgr A*.

To determine the full orbit of a star and thereby constrain the disc membership, it is also
necessary to consider the distance of the star along the line of sight. Lu et al. (2009) and
Yelda et al. (2014) included measurements of the plane-of-sky acceleration to constrain the
stars’ line-of-sight distances to Sgr A*. To better constrain the orbital parameters, previous
studies (e.g. Lu et al. 2009; Bartko et al. 2009; Yelda et al. 2014; Sanchez-Bermudez et al.
2014) computed density maps of the orbital planes and ran Monte Carlo simulations.

For one star, Id 96, the value of |A| is even higher than 1: 7 =—-1.05. According to Madigan
et al. (2014), this means the star is still on a bound orbit, as |h| < V2. But it requires the semi-
major axis of the stellar orbit to be larger than p, and the star is closer to pericenter than
apocenter.

Feldmeier et al. (2014) detected two high-velocity stars at p=3pc (80"") and p=5pc
(130"") with v, =292km-s~! and —266km-s~!. Our data set also contains stars with high
velocities. To check if the O/B stars are bound to the nuclear star cluster, we plot the total
velocity vior against the projected distance p to Sgr A* in Fig. 4.17. For stars without a radial
velocity measurement we plot vpm , which is only a lower limit of vi. The colour-coding
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Figure 4.17: Velocity profile for the O/B stars. The total velocity is plotted against the projected
distance p to Sgr A*. Triangles denote fully known kinematics in three dimensions, squares denote only
two-dimensional projected proper motion measurements and are therefore only lower limits of the total
velocity. The colour-coding illustrates the normalised angular momentum 2 = (xvy —yvy)/ (/GMap).
The full black line denotes the velocity profile for a central point mass with M, =4.3 x 10° Mg; the

dashed line the escape velocity v, for such a point mass. Red lines mean that we also consider a stellar
mass M..

denotes the value of 4. The full black line denotes the Keplerian velocity with a single point
mass in the centre with mass M, =4.3 x 10° M,. When we also take the stellar mass into
account, the velocity increases. To illustrate this, we plot the velocity as a red line when we
assume the stellar mass profile from Feldmeier et al. (2014). Most stars lie below this line
and must therefore be bound to the Milky Way nuclear star cluster.

The dashed lines show the escape velocity v.. Only one star has a velocity close to the
escape velocity: Id 722. It is at a projected distance of 12745 with v = (287 +27) km-s~!.
The proper motion of this star also points away from Sgr A*. For Fig. 4.17 we plot only the
projected distances of the stars, which are only lower limits. The true distance of star Id 722
might well be larger. But when we consider the stellar mass distribution, the star’s velocity
is lower than the escape velocity. The normalised angular momentum is 4 =0.16, and if one
takes the stellar mass into account for £ as well, || becomes even smaller. This indicates that

this star with M, =32 + 14 M, is on a radial orbit, but the star is still gravitationally bound
to the Milky Way nuclear star cluster.
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Some of the stars have large velocity uncertainties. Six stars may have velocities above
the escape velocity (Id 366, 511, 610, 617, 728, and 853), four of them (610, 617, 728, 853)
also have a low value of |h|< 0.2, suggesting either a high eccentricity or inclination in their
orbits. To better constrain the stellar orbits, a more accurate radial velocity measurement is
required.

4.5 Discussion

4.5.1 Detection of 19 new O/B stars

Our sample of 76 O/B stars mostly consists of previously known O/B stars. However, 24
O/B stars have not been reported before, and 19 of these O/B stars are probably also cluster
member stars. Three stars (Id 663, 1104, and 3308) are possibly foreground stars, while two
stars (Id 436, 3339) are definitely foreground stars.

To verify our classification as O/B type stars, we measured the equivalent widths of the
CO line at 2.2935 um and the Na I doublet at ~2.206 um in Sect. 4.4.1 and compared the
result to the mean value of the late-type stars. For most of the O/B stars, the equivalent
widths deviate by ~30 from the mean value of late-type stars for the CO line and by ~20
from the mean late-type star value for Na I.

Only ten O/B stars have EWcg >2.7 A, i.e. within 3¢ of the late-type stars’ mean value
(EWcorr = 183 A). However, six of these ten stars have been classified as O/B stars in
previous studies. For the other four stars (Id 718, 2446, 3308, and 3578), the significance
of either the CO non-detection or of the Na non-detection is at least 2.70~. The S/N of the
spectra is in the range of 16.9 to 35.8, this is rather low compared to the O/B star median S/N
of 46. It is possible that the low S/N or poorly subtracted light from surrounding late-type
stars produces a weak CO line signal. If these stars indeed have weak CO lines, the low
values of EWco (3.2 A -83 A) would suggest effective temperatures T >4 500 K (Pfuhl
et al. 2011). Then these stars could be of intermediate age (~100 Myr).

4.5.2 (/B star mass estimates

We estimated the masses of the O/B stars in Sect. 4.4.1.2 based on the assumptions that the
intrinsic colours (H — Kg ) are in a narrow range, close to —0.10 mag (StraiZys & Lazauskaité
2009), their metallicity is roughly solar (Ramirez et al. 2000), and their ages are in the range
of 3 — 8§ Myr (Paumard et al. 2006; Lu et al. 2013). This means that we assumed the same
age for the new O/B star detections as for the previously known O/B star population, for
which this age estimate was derived. This may be an oversimplification. The new O/B-type
stars are at larger projected distances from Sgr A* and may have formed in a different star
formation event. This means that their age and metallicity may be different. Some of these
stars have a mass of approximately 10 My. Renzini et al. (1992) showed that a star with a
mass M, =9 M and solar metallicity spends ~20 Myr on the main sequence. This means
that these stars may be much older than 3 — 8 Myr. On the other hand, among the newly
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classified O/B stars are also several bright, massive stars (M, > 20 My). These stars must be
younger and close to the age of 3 — 8 Myr. The spectra of the newly identified O/B stars with
S/N = 50 contain a He I absorption line at 2.113 um. Hanson et al. (1996) showed that this
line disappears in early O stars. Therefore the stars with 2.113 um absorption are later than
07V, O7 111, or O9 I. This suggests that the new O/B stars belong to the same population as
the already classified O/B stars, none of which is earlier than O7 (Paumard et al. 2006).

The estimated mass in Table 4.5 is the median of the distribution of possible stellar masses
weighted by the likelihood of the star position in the colour magnitude diagram. We consid-
ered the uncertainty of the Galactocentic distance og,, the extinction law coefficient o, the
photometry (0'z and o'k ), and the intrinsic colour oy _g ), in the propagated uncertainty.
For the brightest of these stars we derive median masses of more than 40 M. Such a high
mass was observed for O6 I or O6 V stars (Cox 2000, Table 15.8). But the stars with re-
ported spectral type in our sample are of type O8 and later. For example, we derive a mass
of M, = (41‘_"193) Mg for the O8-9.5 star Id 331. Stars of this spectral type have masses of
~28 M (081 star) and lower (Cox 2000, Table 15.8). This suggests that we rather overesti-
mate the stellar masses.

We showed that the derived value for the extinction Agg from intrinsic colours is lower
than the value of Ak, from the extinction map adopted from Schodel et al. 2010 (see Fig. 4.5).
We would find better agreement by assuming an extinction law exponent of @ =2.1 instead
of @=2.21 (Schodel et al. 2010). Then the derived magnitudes Kg o of the stars would be
higher, that is, the stars would be fainter. We tested if this would lower the stellar masses, but
found that it is only a minor effect. For most of the stars the lower limit of our mass estimate
agrees with the mass expected for the spectral type.

4.5.3 Total mass of young stars

We calculated a lower limit for the total mass of young stars to M= 17 =21,000 Mo
young, M<150M¢
assuming a top-heavy initial mass function (IMF) with slope @ = 1.7 (Lu et al. 2013) and
a maximum stellar mass M = 150 M. This result agrees with the cluster total mass found
by Lu et al. (2013) of 14,000 to 37,000 My in the same integration range [1 Mg; 150 Mg].
With an extremely top-heavy IMF (a = 0.45, Bartko et al. 2010), the mass is even higher
M(y’;?l';’% <150My = 32,000 Mo, but still in agreement with Lu et al. (2013). We integrated up
to stars with M=150 M, but the most massive star in the Galactic centre has only M, =80 M,
(Martins et al. 2007). When we integrate in the interval [1 Mg; 80 Mg], the cluster mass is
=17 — — =045 — —

only M(;oung,MSSOM@ =16,000 Mg, fora =1.7, and M;’OUHg,MSgOMO = 12,000 My, for @=0.45.
We thus give Motal,young ~12,000 Mg as a lower limit for the mass of the young star cluster.

For these calculations we assumed that the present-day mass function slope is the same as
the IMF slope, but this is only valid for a simple stellar population (Elmegreen & Scalo 2006).
This is a reasonable assumption, since we used stars in the mass range [30 Mg; 45 My] to fit
the IMF, and these stars should all be younger than 8 Myr. As we scaled the IMF only to the
observed mass function of O/B stars and did not consider the massive and young emission-

line stars, the derived total cluster mass is only a lower limit.
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4.5.4 Disc membership

We estimated if an O/B star can be a member of the clockwise (CW) disc based on the stellar
angular momentum /4 and on the stellar radial velocity v,. As the disc is receding in the SE
and approaching in the NW, we can exclude the membership of stars with v, >0 that are
located in the NW and of stars with v, <0 that are located in the SE. We can also exclude
stars with an angular momentum /4 < 0.5 if we can show that the orbit is not edge-on. This
allowed us to exclude the CW disc membership for 53 stars (>69 per cent) in our O/B star
sample, of which 16 stars are newly classified O/B stars. When we assume that the CW disc
is warped, as found by Bartko et al. (2009), these numbers change by only one star (54 stars,
>72 per cent).

A disc fraction of <30 per cent agrees with the results of Yelda et al. (2014), who studied
the kinematics of O/WR stars and found a disc fraction of about 20 per cent. Yelda et al.
(2014) also showed that the significance of the disc decreases with distance to Sgr A*. Our
sample of new O/B stars mostly lies at ~10” (0.4 pc), that is, close to the assumed outer edge
of the CW disc at ~13” (0.5 pc). It might be that the outer edge of the disc is even closer to
Sgr A* (Stgstad et al. 2015).

On the other hand, we found ten stars (one new) for which a membership to the CW disc
is possible based on their proper motions, projected location, and radial velocity. However,
this does not mean that these stars are necessarily members of the CW disc, as the three-
dimensional location with respect to Sgr A* was not taken into account. We were unable
to constrain whether the remaining 13 O/B stars might be members of the CW disc or not.
The radial velocity uncertainty allows both a receding and an approaching motion, there is no
proper motion available, or the inclination i is too high to determine the angular momentum
h. Three of these undetermined stars are probably foreground stars.

For a better determination of the stellar orbits, a more sophisticated analysis such as that
reported by Lu et al. (2009), Bartko et al. (2009), Yelda et al. (2014), and Sanchez-Bermudez
et al. (2014), is necessary. In the future, the missing proper motions and radial velocities that
are missing so far will probably also be available (Pfuhl et al. in prep.).

4.5.5 Origin of the early-type stars

Our data set covers the central 2.51 pc x 1.68 pc (>4 pc?) of the Galactic centre. No previous
study covered such a large region with a comparable spatial resolution. We were able to
extract stars as faint as Kg = 15 mag with a completeness of 80 per cent at Kg ~ 13.5 mag.
For the bright supergiants and giant stars with Kg < 13 mag, we can assume that our data set
is roughly complete out to p =0.84 pc (21”).

Bright O/B stars with Kg < 13 mag have a well-determined age of 3 — 8 Myr. We can add
the red supergiant IRS 7, the emission-line stars, and sources with featureless spectra and
Ks <13 mag, which are in the same age range. Then we find that 90 per cent of these 79
massive stars are located within p =0.44 pc (117”74). This confirms the finding of Stgstad et al.
(2015) that the cluster of young stars has an outer edge at approximately 13" (0.52 pc). This
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central confinement can help to constrain the origin and formation scenarios for the young
stars.

It was suggested that young stars in the Galactic centre were formed in a massive young
star cluster that fell towards the centre from r >10 pc (Gerhard 2001; McMillan & Portegies
Zwart 2003). In this scenario the infalling cluster is stripped and disrupted. But then we
would expect a higher number of young stars beyond p =0.5 pc (Fujii et al. 2010; Perets &
Gualandris 2010). Our data set contains only three bright early-type stars (and three faint
early-type stars) beyond p = 0.5 pc, but 76 (23) within p = 0.5 pc. An infalling cluster would
leave a trail of early-type stars, but we find no evidence for such a structure. It might be
possible that the infalling cluster had been mass segregated and left a trail of fainter early-
type stars that we could not detect. But other studies with a smaller spatial coverage but higher
completeness for fainter stars were likewise unable to detect any signs of a trail (Bartko et al.
2010; Stgstad et al. 2015).

The late-type stars are much less concentrated than the early-type stars. This agrees with
the findings in other nuclear star clusters (e.g. Seth et al. 2010; Georgiev & Boker 2014;
Carson et al. 2015). The old component of the nuclear star cluster is often spheroidal and
more extended than the disc of young stars. One counterexample is NGC 4244, where the
blue disc is more extended than the older spheroidal component (Seth et al. 2008b). Seth
et al. (2006) argued that young stellar discs in nuclear star clusters have a lifetime of <1 Gyr
before being disrupted. In other nuclear star clusters, the young discs are often aligned with
the host galaxy disc (e.g. NGC 404, NGC 4244, and NGC 4449; Seth et al. 2006, 2008b;
Georgiev & Boker 2014). This is not the case for the CW disc in the Galactic centre. The
projected distribution of young stars beyond p = 0.47 pc (12”) appears to be elongated along
the Galactic plane, but slightly misaligned to it. It is unclear if this effect is only caused by
the variable extinction.

The CW disc of young stars can be explained by in situ star formation in a dense disc
or stream around Sgr A* (Levin & Beloborodov 2003; Paumard et al. 2006). The material
would come from infalling molecular clumps and gas clouds (e.g. Wardle & Yusef-Zadeh
2008; Gualandris et al. 2012; Emsellem et al. 2015). As the stars are very concentrated in the
centre, the star-forming region must have had a size of r <0.5 pc. However, the majority of
the early-type stars in the Galactic centre are not on the CW disc (see Sect. 4.5.4 and Yelda
et al. 2014). As the stars are only 3 — 8 Myr old, the young stars either did not all form in a
disc or the disc is dissolving more rapidly than expected.

One possible disruption scenario is the infall of another molecular cloud to the Galactic
centre (Mapelli et al. 2013). This cloud is disrupted in the supermassive black hole potential
and forms an irregular, dense gas disc. Perturbations induced from this gas disc might be
able to dismember the CW disc of young stars (Mapelli et al. 2013). This could explain the
isotropic cluster of young stars in the same radial range as the CW disc. However, other
reasons that cause an instability of the CW disc are also possible (e.g. Hobbs & Nayakshin
2009; Chen & Amaro-Seoane 2014). More simulations and theoretical work are needed to
explore the possibilities.
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4.5.6 Early-type stars beyond the central 0.5 pc

There are only six stars with projected distances p>0.5pc. These are three O/B stars (Id
982, 2048, and 2446) and three featureless sources (Id 161, 477, and 705). However, the
classification of two of the O/B stars as cluster member stars is uncertain. Id 982 is located
outside the coverage of the extinction map by Schodel et al. (2010), therefore the colour has
a large uncertainty. Id 2048 lacks full colour information.

Id 2446 at p=0.75pc (19”5) is the only outer O/B star with available proper motions.
The proper motion vector points away from Sgr A*, but the velocity is low enough for the
star to be bound to the cluster (vym =43.5 £ 9.6 km-s‘l). The angular momentum is 2 =0.01,
which means that the star is on a radial projected orbit.

Two of the three featureless sources beyond 0.5 pc (Id 161/IRS 5 and 705/IRS 5NE) are
part of the IRS 5 complex (Perger et al. 2008). Viehmann et al. (2006) pointed out that
the IRS 5 sources are remarkably bright in the mid-infrared, but less prominent in the near-
infrared. The O/B star Id 483/IRS 5SE also belongs to this group. IRS 5SE consists of two
components, IRS 5SE1 and IRS 5SE2 (Viehmann et al. 2006), which cannot be resolved in
our data set. In this region we have two additional spectra that we were unable to classify
(IRS 5S and IRS 5SE); the remaining stars in this area have late-type signatures.

Id 477/IRS 8 is a special case. This featureless source has the largest distance to Sgr A*
of all early-type stars in our field of view. Geballe et al. (2006) classified IRS 8 as an O5-06
giant or supergiant. This makes IRS 8 the earliest O/B star in the Galactic centre. All the O/B
stars within p = 0.5 pc are of type O8 and later. This would make IRS 8 the youngest known
star in the Galactic centre. However, Geballe et al. (2006) suggested that IRS 8 originally
was a member of a close binary and was rejuvenated.

4.6 Summary

We observed the central >4 pc? of the Galactic centre with the integral field spectrograph
KMOS. Among more than 1000 spectra from single stars were 114 early-type star spectra.
We analysed these early-type spectra, and found the following:

1. We detected 24 previously unknown O/B-type stars. Of these, 19 stars are probable
cluster members. The new O/B stars are at projected distances of 0.3 pc—0.92 pc and
cover masses from about 10 — 40 M.

2. We derived a lower mass limit for the young cluster mass Miotal,young = 12,000 M.
We used different initial mass function slopes from the literature and integrated in the
range [1 Mg; 80 Mo].

3. With our spatially extended and nearly symmetric coverage, we studied the spatial
distribution of early-type stars. We found that the early-type stars are strongly con-
centrated in the projected central p = 0.4 pc and that only a few stars lie beyond 0.5 pc.
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This contradicts a scenario where the early-type stars formed outside the Galactic cen-
tre in a massive cluster that fell towards the centre and depleted the stars at their current
location. This formation scenario would leave behind a trail of early-type stars at pro-
jected distances of p> 0.5 pc, which we did not detect. This is a strong argument for
the in situ formation of the early-type stars.

4. We studied the kinematics of the O/B stars and showed that one of the new O/B stars is
a good candidate to be a member of the clockwise rotating disc. However, the majority
(269 per cent) of the O/B stars is not on the disc. This means that either these stars
have not formed on the clockwise disc or that the disc is already strongly disrupted.
We found no stars that are unbound to the Milky Way nuclear star cluster.
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4.7 Appendix: Spectral classification of emission-line stars

We have spectra of 29 emission line stars. These stars were classified in previous studies as
either Ofpe/WNO type, WN, or WC type stars. Ofpe/WN9 types have narrower lines and
are cooler (Ter=10,000—20,000 K) than WN and WC stars (T5>30,000 K). We found some
disagreement with previously reported spectral classifications for some of the emission-line
stars.

Id 144/AF and Id 1237/IRS 7E2(ESE): We find that the two stars Id 144/AF and Id
1237/IRS 7E2(ESE), which were listed as Ofpe/WN9 by Paumard et al. (2006), have broad
emission lines and are rather WN8 or WNO stars. Paumard et al. (2006) stated that their
spectra of these stars are of high quality. But we also have a high S/N, 78.2 for Id 144/AF and
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35.6 for Id 1237/IRS 7E2. Furthermore, the high-resolution spectra of Tanner et al. (2006)
agree with Id 144/AF being a broad emission-line star, but they have no data for Id 1237/IRS
7E2(ESE). Paumard et al. (2003) also found a broad He I line in the spectrum of Id 144/AF.
The resolving power R reported by Tanner et al. (2006) was 14,000 and 23,300, but only 1 500
and 4 000 in the data used by Paumard et al. (2006). Our data set with R = 4 300 agrees with
the high-resolution results from Tanner et al. (2006). Because of their broad emission lines
(FWHM ~ 700 km-s~!) and the resemblance of the spectra of Id 144/AF and Id 1237/IRS 7E2
with the WN8 and WN9 spectra in our data set, we classify Id 144/AF and Id 1237/IRS 7E2
as broad emission-line stars, probably WN8 or WNO. Id 1237/IRS 7E2 was also classified as
a WNS star by Martins et al. (2007). Martins et al. (2007) used non-LTE atmosphere mod-
els to derive the properties of Galactic centre stars. For Id 144/AF they found a degeneracy
between the effective temperature Teg and the helium abundance [He/H]. In addition, the
wind of this star could be stronger than the wind of the Ofpe/WNO stars, and Id 144/AF may
be more evolved. Martins et al. (2007) suggested that Ofpe/WNO stars evolve to WN8 stars.

1d 666/IRS 7SW: We reclassify the star Id 666/IRS 7SW as WN&/WC9. This star was
classified as WNS8 in Paumard et al. (2006). The C III and C IV lines distinguish a WN8/WC9
star from a WNS star. These lines are weaker than the He and H lines. Therefore a low
S/N can lead to a misidentification as a WNS star, but Paumard et al. (2006) state that their
spectrum of Id. 666/IRS 7SW is of high quality. Our spectrum of this star has a S/N of
59.9, and we can clearly identify the C IV doublet at 2.0796 um, and 2.0842 ym C III at
2.325 um (see Fig. 4.11). The spectrum is very similar to the spectrum of the WN8/WC9
star Id 491/IRS 15SW, therefore we conclude that Id 666/IRS 7SW is also a WN8/WC9 type
star. The two stars Id 491/IRS 15SW and Id 666/IRS 7SW are also in a similar location at
the colour-magnitude diagram ((H — Ky )o = —0.02 mag and —0.11 mag, Ks o = 9.40 mag and
9.59 mag, Fig. 4.3), which confirms their similarity. This classification agrees with that of
Martins et al. (2007).

1d 185/IRS 29N, Id 283/IRS 34, 1d 303, and Id 638/IRS 29NE]I: Four of the eleven WC
stars have only shallow emission lines in our data set. These stars are Id 185/IRS 29N, Id
283/IRS 34, 1d 303, and Id 638/IRS 29NEI1. The lines are very broad, but only weakly
pronounced. Previous studies (Paumard et al. 2001; Tanner et al. 2006) did not detect any
distinct He I emission for Id 185/IRS 29N, while Paumard et al. (2003) reported a broad He I
emission line for the same star. Tanner et al. (2006) suggested that Id 638/IRS 29NEI is
variable and that the spectral features changed with time. Rafelski et al. (2007) studied the
light curve of IRS 29N over a time line of ten years and found photometric variability. They
suggested that these sources could be a wind-colliding binary system. Gamen et al. (2012)
showed that stars can change their spectra within months.

Apart from the weak but broad lines, all the four sources are also very red ((H — Ky )o
>0.55mag). Their continua rise steeply with wavelength. This is an indication that these
sources are embedded in dust (see e.g. Geballe et al. 2006 for IRS 8). The continuum in the
spectra might not be the stellar continuum, but the continuum of the circumstellar dust, which
dominates the lines (Figer et al. 1999; Chiar & Tielens 2001). Therefore the emission lines
appear only as weak, broad bumps in the spectrum.
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Circumstellar dust is common for WC9 stars such as Id 185/IRS 29N and Id 283/IRS 34.
For earlier types such as WC8, dust formation is rather uncommon and might indicate collid-
ing winds (Sander et al. 2012). The two stars Id 303 and Id 638/IRS 29NE1 are WC8/9 stars.
Id 303 is located close to the minispiral, at least in projection. So it might be a bow-shock that
causes the reddening of Id 303. The bow-shock sources Id 161/IRS 5 and Id 25347/IRS 1W
are probably also embedded WR stars (Tanner et al. 2005; Sanchez-Bermudez et al. 2014),
but their emission lines are outshone by the bow-shock continuum. Id 638/IRS 29NE1, how-
ever, is not located inside the minispiral. But as mentioned earlier, the spectral features seem
to change with time. This could be explained by circumstellar dust.

Id 243/IRS 34W: The star with a narrow emission line, Id 243/IRS 34W, has moderate
reddening ((H — Kg )o = 0.24 mag) and a steeply rising continuum. As Paumard et al. (2003)
already pointed out, this star is fainter than the other stars with narrow emission lines (see
also the colour-magnitude diagram, yellow circle with black cross, Fig. 4.3). The star Id
243/IRS 34W shows a long-term photometric variability (Ott et al. 1999; Paumard et al.
2003). Therefore this star may also be dust embedded. 1d 243/IRS 34W is a LBV candi-
date, and Humphreys et al. (1999) showed for the case n Carinae that LBV eruptions are
accompanied with circumstellar dust obscurations.

4.8 Appendix: O/B star tables

Table 4.4: O/B stars 1.

Id R.A. Dec AR.A. ADec K¢ Name Type Note”

(] ] "] ("] [mag]

64 2664174 -29.0077 -1.63 0.57 10.7 IRS16CC 09.5-B0.5 4,5

96 266.4144 -29.0074 6.61 1.39 104 3
109 266.4172  -29.0083 -1.06 -1.92  10.6 B0.5-1 4,5
166  266.4140 —-29.0094 7.66 =579 113 1,5,7
205 266.4188  —29.0077 -5.31 027 112 IRS1E B1-3 4
209 2664157  -29.0099 3.01 -7.57 112 3?
227  266.4174  -29.0096 -1.55 -6.34 114 ? 2
230  266.4168 —29.0054 0.08 852 112 09-B 2,5
273 266.4168  —29.0050 —-0.00 1020 11.4 09-B 2,5
294 2664168 —29.0085 0.08 -2.30 111 IRS33N B0.5-1 4,5
331  266.4171  -29.0083 -0.57 -1.72 113 IRS16SSW  08-9.5 4
366 266.4171 -29.0104 -0.57 -9.37 11.6 1,5
372 266.4183  —29.0088 -3.83 -348 11.8 4

fe436  266.4197 -29.0032 -7.62 16.76  11.7 1,7
443 266.4173  -29.0082 -1.22 -1.48 12.1 IRS16SSE1  08.5-9.5 4
445  266.4165 —-29.0057 0.98 7.57 117 09-B 2,5
483  266.4203 -29.0060 -9.24 6.63 12.0 IRSSSE B3 8
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Table 4.4: continued.

1d R.A. Dec AR.A. ADec K¢ Name Type Note?
] ] "] 1" [mag
507 2664163 —-29.0086 1.39 -2.85 119 08.5-9.5 2
508 266.4187 -29.0078  —4.90 0.10 122 09.5-B21I1 4
511  266.4146  —29.0100 6.03 -8.01 12.1 1,5
516 266.4175 —-29.0066  —1.88 442 114 BO-3 2
562 2664169 -29.0076 -0.16 0.84 123 S1-3 ? 4
567 266.4185 —-29.0070  —-4.57 296 119 3,5
596 266.4184 -29.0094  -4.07 -553 123 1
610 266.4185 —29.0098 —440 -7.10 12.0 1
617 266.4142 —-29.0095 717  -622 125 1
8663  266.4237 —29.0025 —18.37 1899 122 1
668 266.4171 -29.0080 -0.73  -0.73 125 4
707  266.4173 -29.0086  -1.30 -2.92 123 B0-3 4,5
716  266.4173 -29.0098 -1.30 -7.24 12.6 3
718 2664161 -29.0102 2.04 -8.62 12.7 1
721  266.4190 -29.0064  -5.88 516 122 1
722 266.4149  -29.0109 521 -1094 127 1
725  266.4160 —29.0084 220 =211 123 09-B0 2
728 266.4142 -29.0086 6.93 -296 124 3
757  266.4140 -29.0088 7.58 =352 121 1,5
762 266.4179  —29.0081 =277  -111 122 IRS16SE3 08.5-9.5 4
785 266.4171 -29.0090 -0.57 -4.13 123 BO-1 4
838 2664146 -29.0068 6.13 353 123 3
847 266.4160 —29.0086 2.37 -290 12.1 BO-1 2
853 2664173 -29.0110 -1.22 -11.33 124 1
890 2664203 -29.0069  -9.15 321 129 6
900 266.4163 —29.0080 139 -057 126 08.5-9.5 4
936 266.4148 —-29.0099 5.46 -7.50 127 1
941  266.4169 -29.0072  —-0.24 227 125 09-B0 4
951 266.4199 -29.0066  -8.17 437 13.0 OB 2
958 266.4142  —29.0088 718 =342 126 3
973 2664149 -29.0084 5.22 -1.93 142 3?
974  266.4178 —-29.0092 -2.61 -493 13.0 3
7982 266.4098 —29.0102 18.81 -847 128 1
1048  266.4198 —-29.0075  —-8.00 099 13.1 4
1103 266.4134  —29.0087 913 =313 160 1
fe1104 2664218 -29.0042 —13.43 12.87 13.1 1
1123 266.4164 —29.0079 .14 -043 129 08-9.5 4
1134 2664151 —29.0094 473 =558 157 1
1238 266.4163 —29.0078 1.47 0.04 133 09-9.5 2
1245 266.4197 -29.0077 -7.59 043 134 4
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Table 4.4: continued.

Id R.A. Dec AR.A. ADec K¢ Name Type Note?
] ] "] [ [mag

1327 266.4151 -29.0082 4.73 -1.32  12.7 3
1350 266.4163  -29.0094 155 -561 133 3
1474 266.4168 —29.0071 —-0.00 275 13.0 08-9 4
1534 266.4163  —29.0083 139  -1.70 133 O-B 4
1554 266.4145 -29.0083 6.36 -1.70 132 3?
1619 266.4166  —29.0081 065 -1.05 142 S1-8 4
1643 266.4164 —29.0053 1.15 9.06 13.8 09-BO 2
1892  266.4164 —29.0068 1.06 3.63 135 08-9 2
1935 266.4143  —29.0066 6.70 421 134 1
72048 2664134 —29.0106 9.12 -9.87 15.7 1
2233 266.4166  —29.0079 073 -034 138 SO-14 09.5-B2 4
2314 266.4168 —29.0078 0.08 0.05 144 $2,50-2 B0-2 4
2420 2664169 -29.0096 -0.08 —-4.81 139 4
2446  266.4210 -29.0039 -11.14 1428 14.1 1
83308  266.4136 -29.0115 854 -13.40 148 1
f23339  266.4231 -29.0079 -16.65 —0.45 145 1
3578 2664192 -29.0097 -6.19 -6.61 14.2 1
3773 2664142  —-29.0086 7.01 =275 149 O-B 2
711652 266.4145 -29.0077 6.28 0.30 3?

Notes. Identification number Id, the coordinates in RA and Dec, and the offset coordinates from Sgr A*
ARA and ADec in arcseconds (R.A.sgra*=266741684, Decggra+=—29700781056). We mark the five
probable foreground stars with €, and stars with unknown colour with ? in the Id column. If the star
war previously listed and classified, we denote the name and type. Column “Note” lists the reference

to the stellar identification as an early-type star. (@) K magnitudes from Schodel et al. (2010), ex-

tinction corrected and shifted to a common extinction of Ag; = 2.70 mag; (&) (1) First spectroscopic
classification reported in this work; (2) Spectral type from Paumard et al. (2006); (3) Spectral type from
Bartko et al. (2009); (4) Spectral type from Do et al. (2013a); (5) Photometric early-type candidate from
Nishiyama & Schodel (2013); (6) Classified as early-type star by Stgstad et al. (2015); (7) Early-type
star candidate from Feldmeier et al. (2014); (8) Classified as early-type star by Perger et al. (2008).

Table 4.5: O/B stars II.

Extinction map Intrinsic colour
Id Kso Ak Kso Ak M, EWco EWnNa
[mag]  [mag] [mag] [mag] [Mo)]
64 8.04 2.63 8.12+1.15 255+1.14 42110 _, -3.0 1.0
96 7.74 2.92 792+123 274+121 43T _}, -5.3 -0.5
109 | 787 279 | 8.18+1.11 247+1.10 42+10 3.0 0.3
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Table 4.5: continued.

Extinction map Intrinsic colour
Id | Kspo Ak Kso Ak M, EWco  EWna
mag]  [mag] | [mag] [mag] [Mo)]

166 | 8.56 258 | 877+1.07 237+1.05 41710 _}, -1.8 0.4
205 | 8.48 266 | 8.66+1.12 248+1.10 41110 _}, 0.9 -0.6
209 | 8.49 253 | 8.68+1.07 234+1.04 41110_}, 2.0 3.1
227 | 8.73 251 | 877+1.11 247+1.10 41110 _}, 0.7 -0.9
230 | 849 258 | 8.63+1.10 244+1.09 41710 _, -0.6 0.9
273 | 874 248 | 891+1.04 231+£1.03 4179 |5 -0.3 -0.0
294 | 844 276 | 861+1.17 259+1.15 41110 _}, 0.3 3.6
331 | 864 274 | 889x1.13 249+1.11 411° 43 0.4 0.8
366 | 892 251 | 888x1.15 255+1.13 4119 5 2.1 -1.5
372 | 9.11 250 | 931+1.03 229+1.02 39H10_;;4 3.6 0.8
436 | 899 278 | 11.34+0.29 0.42+023 1918 4 1.3 1.6
443 | 939 271 | 921+130 2.89+129 391 _5 3.8 -1.0
445 | 8.97 261 | 9.01+1.15 257+1.14 40110 5 -0.2 0.6
483 | 926 244 | 945+1.02 225+1.00 38F10_, 1.4 0.4
507 | 9.25 273 | 952+1.11 246+1.09 38H10 _,, 22 2.5
508 | 9.53 260 | 950+1.18 2.63+1.17 38+t _, -1.6 1.2
511 | 9.40 241 | 953+1.03 228+1.01 380 _,, 2.1 -0.3
516 | 874 297 | 895+124 276+123 4010 _,, 4.6 1.6
562 | 9.56 251 | 9.69+1.07 238+1.06 371 _j, -4.0 1.0
567 | 9.17 279 | 948+1.12 248+1.10 38H10_j, -0.6 0.9
596 | 9.59 257 | 959+1.15 257+1.14 38H10 s -1.3 -0.9
610 | 929 272 | 957+1.10 244+1.09 38H10 _; 5.6 -1.3
617 | 9.81 246 | 10.12+£097 2.15+096 34+13 _, 0.2 0.5
663 | 950  2.85 | 10.02+1.05 233+1.04 35712 5 1.9 0.4
668 | 9.84 261 | 999x+1.11 246+1.09 352 _; 1.3 -1.0
707 | 9.62 279 | 974+120 2.67+1.19 3711 _s 1.1 22
716 | 9.92 258 | 1028 +1.00 221+099 33+13_,, 0.4 0.0
718 | 10.01 250 | 10.17+1.06 234+1.04 34113 s 3.5 3.9
721 | 9.53 269 | 973+1.12 249+1.11 3711 s -1.8 0.1
722 | 10.02 244 | 10.39+093 2.06+092 32+14 _j, -1.2 -0.6
725 | 957 275 | 978+1.14 253+1.13 37t s -8.7 0.4
728 | 9.65 266 | 943+129 2.88+128 39H10 4.4 -1.5
757 | 942 270 | 9.59+1.14 253+1.12 38t10 s 3.1 -1.2
762 | 9.47 259 | 9.80+1.03 226+1.01 37110 ;s 1.2 2.8
785 | 9.60 274 | 974+1.17 260+1.16 3771 5 -1.0 23
838 | 9.58 2.86 | 9.66+124 277+123 37t _s -1.5 1.0
847 | 9.45 2.88 | 926+137 3.06+136 391 _j, 4.8 0.7
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Table 4.5: continued.

Extinction map

Intrinsic colour

Id | Kspo Ak Kso Ak M, EWco  EWna
mag] [mag] | [mag] [mag] [Mo)]
853 | 9.75 270 | 9.65+125 280+124 37+ _ -0.3 1.1
890 | 10.16  2.38 | 10.34+£0.99 220+0.98 33H13 _ 4.0 1.5
900 | 9.95 265 | 10.15£1.10 244+1.09 34113 _s -6.7 0.2
936 | 10.03 239 | 10.16+1.02 226+1.01 34H13 _, 3.2 29
941 | 9.83 279 | 10.10+1.13 252+1.12 35H12 ¢ 1.3 1.9
951 | 10.30 245 | 10.55+0.99 220+098 30T _j; 2.7 1.8
958 | 9.91 266 | 10.15£1.09 242+1.08 34113 _s 2.7 -1.4
973 | 11.47 298 | 11.61+128 284+126 17121 _, -0.8 -0.6
974 | 1026  2.63 | 10.51+1.07 238+1.06 31113 _j, 3.2 0.7
982 | 10.14 LA 996+274 287+206 35114 0.3 -0.5
1048 | 10.41 245 (1056 £1.03 230+1.02 3015 _j5 3.1 0.7
1103 | 1327 267 | 13.22+£1.23 272+1.21 1178 09 -04
1104 | 1044 253 | 1095+091 2.02+090 23720 2.7 0.1
1123 | 1022 255 | 1042+1.06 235+1.05 32H14 _}, 2.4 3.7
1134 | 1299 244 | 13.01+1.11 242+1.08 1118 ;4 5.3 -1.7
1238 | 10.64 262 | 1031+1.32 295+131 33TM ¢ -5.7 2.0
1245 | 10.65 244 | 10.79+1.03 230+1.02 26H18 _}; 1.0 -05
1327 | 10.01 3.12 | 10.30+£1.27 2.83+1.26 33114 _s -1.1 -0.7
1350 | 10.62 255 | 10.88+1.03 228+1.01 24720 2.6 3.6
1474 | 10.32 279 | 1048 +1.18 2.63+1.17 31715 _4 1.1 1.0
1534 | 10.64  2.73 | 10.81£1.15 255+1.14 26119 _; 79  -0.0
1554 | 1049  2.81 | 10.65+1.19 2.65+1.18 29116 |5 23 -0.3
1619 | 1148  2.64 | 11.58+1.14 253+1.13 17720 43 14
1643 | 11.08 252 | 11.32+1.04 228+1.02 19721 _, 2.1 0.3
1892 | 10.75 276 | 11.00+1.13 2.51+1.11 23120 5.8 1.6
1935 | 10.68 277 | 10.65+1.25 2.80+1.24 29H16 _,, 22 14
2048 | 13.00  2.64 -3.8 2.6
2233 | 11.11 254 | 1124+1.08 240+1.07 2072 3.1 6.7
2314 | 11.68 246 | 11.75+1.07 238+1.06 17118 _; -0.3 2.8
2420 | 11.16 256 | 11.19+1.14 253+1.12 2012 g 5.5 0.5
2446 | 1135 267 | 11.66+1.06 235+1.04 17119 3.2 2.5
3308 | 12.09 232 | 1257+0.83 1.83+0.82 1219 3 44 21
3339 | 11.80  2.63 | 14.00+£0.29 0.42+0.23 78 2.1 4.4
3578 | 11.52  2.69 | 11.18+1.35 3.03+1.34 21122 8.3 -12
3773 | 1222 270 0.0 0.9
11652 2.77 50 0.1
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Notes. Ks magnitudes taken from Schodel et al. (2010), extinction corrected with the extinction map
from Schodel et al. (2010); extinction Ak, adopted from the map of Schodel et al. (2010); Kg o mag-
nitude assuming an intrinsic colour of (H — K)o = —0.1 mag for O/B stars; corresponding extinction
Ak ; stellar mass M, using isochrones with 3-8 Myr age and solar metallicity. The last two columns
denote the equivalent widths (EW) of CO and Na.(@) Beyond extinction map from Schodel et al. (2010).

Table 4.6: O/B stars III.

Id p VRA VDec Vz e h S/N
[Nl [km-s’l] [km~s’1] [km~s’1] on disk$

64 211 —65+4b 257 +4 256 + 12¢ 1 0.56 88

9 7.82  69+9° 250+9 136 + 17¢ 0 -1.05 82
109 230 350+1° 6+1 149 + 27¢ 1 0.63 92
166 1062  85+5% 52+4 154 + 102¢ 0 0.01 100
205 635 —82+8 202+6 32+ 16° 1 0.75 77
209 827 54134 1776 87 + 31¢ 0 -0.51 38
227 657 229+2° 68 +3 154 + 28¢ 1 0.89 84
230 858 —35+7b 144+6  —114+20° 1 0.15 81
273 1026 -79+7° 59+8 —-165 + 25¢ 1 0.37 95
294 225 137=+1% —210+ 1 105 £ 61¢ 1 0.30 85
331 1.84 1001 —234+1 221 +45°¢ 1 -0.01 56
366 934  80+4“ 61+4 257 + 135°¢ 1 0.37 66
372 575 —-163+1° —72+£2  —148 +£23¢ 0 -054 71
436 19.09 77 + 33¢ 70
443 209 301+1° 116 + 1 229 + 36¢ 1 0.61 47
445 770 -195x7° -71x6 —-61 £21°¢ 1 0.81 54
483 1283 -10+4“ 3+4 —180 + 42°¢ 0 0.04" 78
507  3.19  300=x1° —49+2 —46 + 57°¢ 0.74 66
508  5.86 1+21° 229+6 24 +25f 0.80 62
511 10.60 40 +5¢ —127+6 231 +124¢ 0 0.54 61
516 5.04 219+8° -87+8 —46 + 64¢ -0.76 70
562 094 -520+1° 66+ 1 110 + 72¢ 1 0.72 22
567 625 116+6° -228+6 120+ 77¢ 0 -092 75
596 735 91 +5¢ 212+4 120 + 52¢ 1 0.82 71
610  8.81 14 + 5¢ 507  =217+£211°¢ 0 0.18 54
617 1039 -143+3¢  —60+7 202+ 102¢ 0 -0.17 64
663 28.81 —7 £ 24¢ 73
668 1.18 367+13¢ 130+12 —221+179° 0 0.50 40
707 330 -27+1b 164 + 1 53 +20¢ 1 0.15 28
716 737 94zx8b 125+9 160 + 50¢ 1 0.47 48
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Table 4.6: continued.

Id p VRA VDec Vg Vs h S/N
[Nl [km~s_1] [km-s_l] [km-s_l] on disk®

718 8.87 —187+5¢ 76 +7 9+ 88¢ -0.87 35
721 874 100+ 6 —98 +3 —22 +44¢ 059 41
722 1245 -21+6% —103+8 268 +30° 0 0.16 57
725 323 220+1° 80+2 117 £37¢ 0 0.20 41
728 858  6+10° -5+8 277 + 166° 0 0.03" 26
757 949 —124+49  —73+3 184 + 89¢ 0 0.10 48
762 353 -5x1° 209 + 1 305 + 70¢ 1 0.54 25

785  4.15 5+1b -162+2 104 = 170¢ -0.08 38

838 796 -—138+11> —-98+9 78 + 64¢ 0 0.61 68
847 392 —19+1° —143+2 52 +23¢ 0 0.24 46
853 1138 —14+4¢ -8+6 257 + 124¢ 1 -0.07" 74
890 1134 —64+4* —108+6 31 +45¢ -042 54
900 1.62 293x1° -99+1  —229+35¢ 1 0.34 30
936 9.78  31+8"  —-139x10 0.51 26
941 235 -314=+1° 50+ 1 157 + 55¢ 1 0.71 45
951 10.66 —13+8  —161+8  —150+40° 0 -0.67 59
958 9.01 —13+9% -49+8 46 + 68° 0.18 24
973 634 190+ 5¢ 221 +11 133 +70¢ 0 -0.57 50
974 582 511 —134+2 140 + 50¢ 1 -041 45
982 23.64 47
1048 957 50 +3¢ -35+5 -0.18 50
1103 11.10 -68+15¢ -2+16 53 +92¢ -0.08 34
1104 2045  57+10° 66 +7 123 £ 51¢ 0.10 47
1123 130 188=+1% —280+1 —-364+10¢ 1 0.53 26
1134 7.78 24
1238 1.64 152+1° -182+1 -193+414 1 0.32 24
1245  9.04 102+7¢ 135+ 6 0.56 32
1327 562 168 +8° 74 + 8 155 + 50¢ 0 -0.12 44
1350 582 -37+1® -143+2 10 + 50¢ 0.03 34
1474 280 -335+1° 59+ 1 145 + 72¢ 0 0.82 28
1534 225 355+1° —126+2  —83+42°¢ 1 0.75 29
1554 758 -149+11> 18«11 222 +31°¢ 0 -020 50
1619  1.20 102 + 94¢ 0 19
1643 920 —148+7" -130+6 —185+50° 1 0.72 32
1892 386 216+2° 176 £2 =153 £ 60° 1 -0.74 16
1935 8.87 39144 147 + 3 -0.64 26
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Table 4.6: continued.

Id P VRA VDec Vz Vz h S/N
[Nl [km~s_1] [km-s_l] [km-s_]] on disk®

2048 14.50 130 + 52¢ 0 16
2233 0.82 82+ 10 -35+1 —28 + 104¢ 0.08 23
2314 0.11 —-415+30¢ 748 +102 0.20 25
2420 476  113+1° 60 +2 51+ 65/ 0.36 19
2446 19.46 28 + 64 33+11 0.01 22
3308 16.67 8 +34 141 +5 —-104 £ 73¢ -0.46 16
3339 19.70 76 + 60°¢ 19
3578 9.88 -82 + 6 -36+4 -0.37 20
3773 8.60 143 +18¢ -1=+10 0.20 34
11652 7.31 131 +94 163+ 17 -0.66 15

Notes. The table lists: Projected distance to Sgr A* p in arcseconds; proper motions vra and vpe are
taken from previous studies; the radial velocity v, is adopted from this and previous studies; # is the
normalised projected angular momentum, signal-to-noise ratio S/N. () Proper motions from Schddel
et al. (2009); (0) Proper motions from Yelda et al. (2014); (¢) Radial velocity from this work; (@) Radial
velocity is error-weighted mean from Bartko et al. (2009) and Yelda et al. (2014); (¢) Radial velocity
from Bartko et al. (2009); () Radial velocity from Yelda et al. (2014); (8) disc membership excluded if

0, possible if 1 (based on v;); (n) High inclination (based on vpm /Viot)-
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