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ABSTRACT

Context. Located within the central region of the Galaxy, the Arches cluster appears to be one of the youngest, densest, and most
massive stellar aggregates within the Milky Way. As such, it has the potential to be uniquely instructive laboratory for the study of star
formation in extreme environments and the physics of very massive stars.

Aims. To realise this possibility, the fundamental physical properties of both cluster and constituent stars need to be robustly deter-
mined; tasks we attempt here.

Methods. In order to accomplish these goals we provide and analyse new multi-epoch near-IR spectroscopic data obtained with the
VLT/SINFONI and photometry from the HST/WFC3. We are able to stack multiple epochs of spectroscopy for individual stars in order
to obtain the deepest view of the cluster members ever obtained.

Results. We present spectral classifications for 88 cluster members, all of which are WNLh or O stars: a factor of three increase over
previous studies. We find no further examples of Wolf—Rayet stars within the cluster; importantly no H-free examples were identified.
The smooth and continuous progression in spectral morphologies from O super/hypergiants through to the WNLh cohort implies a
direct evolutionary connection. We identify candidate giant and main sequence O stars spectroscopically for the first time. No products
of binary evolution may be unambiguously identified despite the presence of massive binaries within the Arches.

Conclusions. Notwithstanding difficulties imposed by the highly uncertain (differential) reddening to the Arches, we infer a main
sequence/luminosity class V turn-off mass of ~30-38 M,, via the distribution of spectral types. Analysis of the eclipsing binary F2
suggests current masses of ~80 M, and ~60 M, for the WNLh and O hypergiant cohorts, respectively; we conclude that all classified
stars have masses >20 M. An age of ~2.0-3.3 Myr is suggested by the turn-off between ~O4-5 V; constraints imposed by the super-
giant population and the lack of H-free WRs are consistent with this estimate. While the absence of highly evolved WC stars strongly
argues against the prior occurrence of SNe within the Arches, the derived age does accommodate such events for exceptionally mas-
sive stars. Further progress will require quantitative analysis of multiple individual cluster members in addition to further spectroscopic
observations to better constrain the binary and main sequence populations; nevertheless it is abundantly clear that the Arches offers an

unprecedented insight into the formation, evolution and death of the most massive stars nature allows to form.
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1. Introduction

Determining the formation mechanism, properties and lifecycle
of very massive stars is one of the most important unresolved
issues in stellar astrophysics; a problem exacerbated by their
impact on galactic evolution — via radiative, mechanical, and
chemical feedback — and their role as progenitors of some of
the most luminous electromagnetic and gravitational wave tran-
sients in the Universe. Currently, even the most basic questions —
such as how massive nature permits stars to grow — remain unan-
swered. How do they reach their final masses — do they form
via a scaled up version of the disc-mediated accretion paradigm

* Based on observations made at the European Southern Observatory,
Paranal, Chile under programmes ESO 087.D-0317, 091.D-0187, and
099.D-0345.
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for low mass stars (Shu et al. 1987), competitive accretion in a
clustered environment (Bonnell et al. 2001) or are they instead
built-up by a more exotic avenue such as mergers, either before
or during core-H burning (Schneider et al. 2014, 2015)? Compet-
itive accretion suggest that massive stars should form in stellar
aggregates (clusters or OB associations) but is this always the
case? And a related question — does the environment in which
they form influence their final properties, such as occurrence of
binarity and the form of the initial mass function (IMF)?

The central regions of our Galaxy provide a unique labora-
tory for the study of massive stars, hosting 3 young (<10 Myr),
massive (210* My) clusters; the Galactic centre, Quintuplet
and the Arches. Critically, their co-location and consequently
well defined distance aids luminosity determinations for cluster
members; observationally challenging for isolated field stars in
the galactic disc. Moreover the cluster ages they span means

AG6S5, page 1 of 34


https://www.aanda.org
https://doi.org/10.1051/0004-6361/201832826
mailto:s.clark@open.ac.uk
http://www.edpsciences.org

A&A 617, A65 (2018)

that evolutionary pathways for a wide range of initial masses
(~20-100 M) may be constrained via study of their evolved
stellar populations.

We may also invert this argument, utilising these clusters to
explore the effects of the extreme Galactic centre environment
on (massive) star formation and the role their subsequent feed-
back plays in the wider ecology of the circumnuclear molecular
and starburst region. In this respect the proximity of the Galactic
centre renders it the sole testbed for studying the physics, recent
star formation history and assemblage of the circumnuclear
starburst of a galaxy at the level of individual constituent stars.

Of the three circumnuclear clusters, the Arches (Cotera et al.
1996) is of particular interest, given its (i) apparent youth and
high mass — resulting in the upper reaches of the IMF being
well populated — and (ii) compactness — leading to an extreme
stellar density (Figer et al. 1999b; Martins et al. 2008, hence-
forth Ma08). Consequently numerous studies of the Arches have
been undertaken in the two decades following its discovery to
better understand its bulk properties and those of its constituent
stars. The majority of these have focused on determining the
shape of the IMF and the presence of possible mass segrega-
tion, although such efforts are hampered by uncertainties in the
extinction law and significant differential reddening across the
field (Figer et al. 2002, henceforth Fi02; Stolte et al. 2002, 2005;
Kim et al. 2006; Espinoza et al. 2009; Clarkson et al. 2012; and
Habibi et al. 2013).

Corresponding spectroscopic observations to classify and
date the constituent stars and cluster are more limited (Fi02,
Najarro et al. 2004, Ma08) but reveal homogeneous popula-
tions of highly luminous WN7-9h and mid-O supergiants, with
two mid-O hypergiants with spectral morphologies intermediate
between these groups. Assuming uniform reddening, non-LTE
model-atmosphere analysis of these stars by Ma08 suggested that
stars in both cohorts are very massive (>60 M) and young, with
a global age of 2—4 Myr suggested for the Arches. Intriguingly, at
the lower extent of the age-range no supernovae (SNe) would be
expected to have occurred and hence the most massive stars born
within the Arches should still be present (3100 My; Crowther
et al. 2010), allowing us to probe the upper reaches of the IMF
and the stars that populate it. Moreover, the modelling results
also hint at non-coevality for the cluster, with the more luminous
WN7-%h stars potentially being younger than the less evolved
supergiants.

Following the recognition of the prevalence and importance
of binarity to understanding massive stellar evolution (Sana et al.
2012; de Mink et al. 2014). Schneider et al. (2014) re-interpreted
the cluster ()MF and age of the Arches under the assumption
that all the massive stars within were binaries. As a result they
revised the cluster age to a unique value of 3.5 = 0.7 Myr, and
concluded that the brightest 9.2 + 3 stars (all WN7-9h) were the
rejuvenated products of binary interaction - essentially indicating
that very massive stars could form via a two-stage process with a
second episode of mass-accretion onto the secondary during the
H-burning phase of the primary.

Given the extreme requirements placed on the binary popu-
lation of the Arches by Schneider et al. (2014) in order to explain
the apparent non-coevality of the Arches (cf. Ma08), improved
observational constraints on the cluster properties are impera-
tive. Moreover, due to the anticipated youth of the Arches, such
studies would also provide important insights into the forma-
tion and lifecycle of extremely massive stars. Unfortunately, no
systematic survey for binarity within the Arches has yet been
attempted, although indirect diagnostics suggest binarity for a
number of cluster members (e.g. Wang et al. 2006). A better
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determination of the cluster age would also require improved
bolometric luminosity estimates — via individually determined
corrections for interstellar reddening (Sect. 4) — to facilitate
improved isochrone fitting, in conjunction with the identification
of the main sequence turn-off.

In order to address these issue we undertook a multi-epoch
spectroscopic survey of the Arches with the integral field spec-
trograph SINFONI mounted on the Very Large Telescope (VLT).
These observations permitted a search for both radial veloc-
ity and line profile variability, potentially indicative of reflex
binary motion and wind collision zones, respectively. Moreover,
stacking multiple individual observations allowed us to obtain
higher signal/noise (S/N) spectra and hence reach less evolved
cluster members than previous studies. These data were supple-
mented with new Hubble Space Telescope (HST) Wide Field
Camera 3 (WFC3) photometry. In this work we present the resul-
tant datasets and utilise them to provide an updated stellar census
of the Arches and discuss the impact of the new data on the
determination of cluster properties. Companion papers provide
a tailored quantitative analysis of the binary system F2 (adopting
the naming convention of Fi02) and discuss the spectral variabil-
ity of cluster members (Lohr et al. 2018 and Lohr et al. in prep.;
henceforth Papers II and III).

This paper is structured as follows. In Sect. 2 we present the
data acquisition and reduction strategies employed. In Sect. 3
we provide spectral classifications for cluster members, which
are summarised in Table A.l. The important and complicating
issue of interstellar extinction towards the Arches is investigated
in Sect. 4, while in Sect. 5 we address the implications of our
new results for the stellar masses of the cluster members and the
determination of the cluster age. Finally we discuss evolutionary
implications in Sect. 6 and in Sect. 7 summarise our findings and
highlight future prospects.

2. Data acquisition and reduction
2.1. Spectroscopy

As initially envisaged, our programme was to closely follow
the observational strategy of Ma08. Specifically, between April
and August 2011 the SINFONI integral field spectrograph on
the ESO/VLT (Eisenhauer et al. 2003; Bonnet et al. 2004) was
used in service mode to make multiple K band observations of
three overlapping fields in the central Arches cluster, and seven
fields on the periphery of the cluster. For each observation four
60 s exposures nodding across the target field were taken, inter-
spersed with sky frames to optimise background removal for the
combined images. Telluric standards with spectral types B2-B9
were observed before or after each set of science frames.
However poor weather significantly impacted on observa-
tions, leaving the programme substantially unfinished. As a
consequence further time was sought and awarded, with obser-
vations made from March to August 2013 and again from April
to July 2017. Unfortunately, on each occasion the programmes
remained incomplete at the end of the semester. This resulted in
a highly inhomogeneous composite dataset, with some fields vis-
ited multiple times, while other outliers were only observed once
or twice. Moreover, the signal-to-noise (S/N) of individual inte-
grations was highly variable given the poor observing conditions
in which some observations were attempted. In order to gener-
ate the most complete dataset possible, previous spectroscopic
observations of the Arches utilising the same experimental
set-up were extracted from the archive!, to be reduced in an

! ESO proposals 087.D-0342 and 093.D-0306.
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identical manner (see below). A further epoch of spectroscopy
covering outlying fields was extracted from data cubes used for
Ma08?; in this instance sky subtraction and telluric removal was
carried out via the methodology described in that paper.

A detailed breakdown of the timings of individual observa-
tions is provided in Paper III and we refer the interested reader
to this work. Foreshadowing the following discussion, since we
are only interested in obtaining the highest quality summed
spectra for this work we simply list the number of individual,
contributing observations for each cluster member in Table A.1.
In a number of cases multiple individual observations were made
on the same night — hence we also list the total number of nights
(epochs) on which data were obtained.

Science and telluric standard frames were reduced with the
latest version of the ESO SINFONI pipeline running under
Reflex. This performed flat-fielding and optical distortion cor-
rections, wavelength calibration and improved sky background
subtraction, before stacking slitlets into data cubes for each
frame, and co-adding cubes for each subfield and for each obser-
vation. QFitsView was initially used to inspect the reduced
cubes?®, and then a custom IDL code was written to facilitate
manual extraction of spectra for multiple individual pixels asso-
ciated with each science target or telluric standard star. Care had
to be taken to avoid selection of pixels contaminated by light
from nearby objects; on certain epochs, unwanted instrumental
features were observable in specific regions of the data cube, so
these pixels were also excluded.

These pixel-spectra were then combined into a single spec-
trum per object, using an approach based on the optimal extrac-
tion algorithm for long-slit spectra of Horne (1986). Specifically,
spatial profiles were determined for each pixel-spectrum (indi-
cating the probability that a detected photon at a given wave-
length would be registered in that pixel) by dividing the pixel’s
flux at each wavelength by the total flux over all pixels at that
wavelength, and then median-smoothing the resulting profile
estimates to reduce the impact of bad lines in individual pixels.
Each pixel’s fluxes were then divided by its smoothed spatial pro-
file to give an estimate of the total spectrum; the median of all
such estimates was then taken as our best estimate of the object’s
one-dimensional spectrum.

Preliminary radial velocity measurements indicated small
but significant errors in the wavelength solutions obtained by
the pipeline software. Therefore, corrections were determined
by cross-correlating all science and telluric spectra with a stan-
dard high resolution telluric spectrum in the K band provided
by ESO?, using the IRAF telluric task, and the headers adjusted
accordingly.

The only intrinsic absorption line in our telluric spectra, in
the wavelength region of interest, was the Bry line at 2.166 ym.
This was removed by fitting it with a double Lorentzian pro-
file. When two telluric standards had been observed in a given
epoch, before and after a set of science frames, a custom telluric
spectrum was created for each science observation by interpolat-
ing between the two standards, to match the time of the science
observation, and normalising to the continuum. Each science
spectrum was then divided by the appropriate telluric spectrum
with the aid of a custom code; this determined optimal scalings
of small regions of the telluric spectrum to match the corre-
sponding telluric lines in the science spectrum, and then fitted

2 ESO proposal 075.D-0736.

3 http://www.mpe.mpg.de/~ott/QFitsView/

4 https://www.eso.org/sci/facilities/paranal/
decommissioned/isaac/tools/spectra/atmos_S_K.fits

these with a smoothly-varying function to give optimal scalings
at every wavelength for the telluric spectrum. The telluric-
removed science spectra were then normalised to the continuum.

Where multiple observations had been made of a science
target within the same epoch (in practice, within a few hours
of each other on the same night) they had barycentric correc-
tions applied, and were then median-combined. A search for
radial velocity variability between epochs in the brighter clus-
ter members, described fully in Paper III, was then carried out,
and where variability was detected, all epochs were shifted to a
common velocity (the mid-point of the full range of measured
velocities), and then median-combined. Fainter stars, and those
which were only observed on a single epoch, or for which radial
velocity variability could not be reliably measured, were directly
median-combined. All final combined spectra were checked, and
occasional residual bad features manually removed.

SINFONI provides a resolving power (in the K-band
and at our plate scales of 0”1 or 07025) of R~4500 at
2.2 um. All spectra were rebinned to a common dispersion of
0.000245 um pixel! and common wavelength range of 2.02—
2.45 pm.

In total we extracted spectra for 105 objects. Excluding four
apparent late-spectral type interlopers we present the resultant
spectra of all cluster members in Fig. A.1, where, following Fi02,
they are ordered by decreasing estimated absolute K-band mag-
nitude. Of these 88 appear to be both cluster members and of
suitable S/N to attempt classification (Sect. 3), more than tripling
the spectroscopic sample presented by Ma0O8 and critically
extending the census to lower luminosity objects. Representative
spectra illustrating each spectral type and/or luminosity class are
presented in Figs. 1-6.

2.2. Photometry

Despite the availability of ground-based AO observations, we
have chosen to exclusively employ HST data due to its high angu-
lar resolution and sensitivity, stability of point spread function
and accurate zeropoint; invaluable given the compact nature of
the Arches. As well as employing photometry from Fi02 (F110W,
F160W, and F205W) and (Dong et al. 2011; NIC3 F190N) we
present new WFC3 photometry in the F127M, F139M, and
F153M filters. The relevant data were obtained in 2010-12 under
programmes GO-11671, 12318, and 12667 (PI Andrea Ghez). A
detailed description of data acquisition, reduction and analysis,
including error determination, is presented by Dong et al. (2017),
which, for convenience, we reprise here.

Raw data and calibration files were downloaded and the latest
HST pipeline, OPUS version and CAL-WFC3 version 2.1 were
used to perform basic calibration steps on individual dithered
exposures such as bias correction and flat fielding. Under PyRAF
the “Tweakier” and “Astrodrizzle” tasks aligned individual expo-
sures and corrected for distortion and masking out defects before
combining images.

The “DOLPHOT” package® (Dolphin 2000) was employed
to extract photometry. DOLPHOT returns photometric uncer-
tainty resulting from Poisson fluctuations produced by electrons
in the camera and also allowed us to perform additional artificial
star tests on the dithered images to provide a secondary, parallel
error determination. For each star we used the larger resulting
error estimate. We present error estimates as a function of mag-
nitude for each filter in Fig. 7; with the exception of a handful of
examples these are less than ~0.05 mag in each band.

5 http://americano.dolphinsim.com/dolphot/
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The resultant photometry, along with the pseudo K-band
F205W magnitudes from Fi02 are presented in Table A.1.

3. Spectral classification

Our observations sample stars with K-band (F205W) magni-
tudes ranging from ~10.4 (F6) through to ~14.5 (F155) and ~15
(F188). Foreshadowing the discussion of interstellar extinction in
Sect. 4, Fi02 estimate these correspond to Mgy ~ =8 to —3.1. In
total we extracted spectra of 105 individual stars. Of these, spec-
tra of four stars® showed pronounced CO bandhead absorption,
marking them as M star interlopers. The spectra of a further five
stars” may potentially be contaminated by bright neighbours and
hence are not considered further. A number of fainter objects®
were of sufficiently low S/N that accurate spectral classifica-
tion was impossible. However, these are retained for the purpose
of discussion since their essentially featureless spectra are not
consistent with identification as e.g. evolved Wolf—Rayets, since
the broad and strong emission lines expected for such objects
would have been readily identifiable. Finally three further stars
demonstrated essentially featureless spectra’ despite having a
sufficient S/N to identify the classification diagnostics for e.g.
main sequence stars if present. This left a total of 88 stars for
which spectral classification could be attempted, to which we
may also add the reconstructed spectrum of the secondary in the
massive binary system F2 (Paper II).

6 F11, F46, F51, and F99.

7 F44, F73, F80, F166, and F170.

8 F159, F168, F173, F174, and F184.
 F151, F176, and F189.
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stars and the least extreme WN8-9h star, F16, is
shown for comparison.

3.1. Classification criteria

A number of authors have studied the utility of near-IR spec-
troscopy for classification of early-type stars; specifically Hanson
et al. (1996, 2005) and Crowther & Furness (2008) provide
quantitative criteria for OB stars, with Crowther et al. (2006)
and Rosslowe & Crowther (2018) replicating these efforts for
WRs and Crowther & Walborn (2011) extending these studies
to extremely luminous stars sharing properties of both classes.
Drawing on these studies where available, Ma08 discuss and
present classification criteria for stars within the Arches in some
depth; for consistency we adopt their scheme for this study, revis-
ing their spectral types and/or luminosity class assignments only
when suggested by the improved S/N of the data presented here.

However, the increased integration times afforded by stack-
ing multiple spectra of individual objects results in qualita-
tively different spectral morphologies amongst the fainter Arches
cohort. Consequently it is worth revisiting the classification
criteria afforded by the K-band. Prime temperature diagnostics
include the He 11 2.189 um line and the absorption line associated
with the HeI 2.112 um component of the broad blend resulting
from transitions of He 1, N 111, C 111, and O 11I (cf. Hanson et al.
1996, 2005), with the C 1V transitions between 2.07 and 2.08 um
providing a secondary criterion for stars between O4-8 (peaking
at ~O5 and decreasing either side).

An additional diagnostic for early-type stars that is not dis-
cussed in the above works is the strong emission feature at
~2.42 um that is, subject to sufficient S/N, ubiquitous for the vast
majority of our spectra. Non-LTE model atmosphere simulations
utilising the CMFGEN code (Hillier & Miller 1998, 1999) sug-
gest the identity of this feature is sensitive to temperature, with
contributions from, respectively, the n = 10—9 2.436-8 um lines
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Fig. 2. K-band spectra of potential extreme

2.15
Wavelength (microns)

of O1v, N1V, C1V, and finally Si1V as one transitions to cooler
temperatures. Since the WNLh stars considered here are likely
>30kK we would expect SilV to dominate the emission fea-
ture. NIV starts to contribute at ~32kK, equalling the strength
of Si1v at 36.5 kK. Subject to depletion C 1V might be expected
to play a minor contribution; since these stars are almost cer-
tainly cooler than ~45 kK one would not expect a contribution
from the O 1v. Similarly for supergiants of spectral type mid-O
and later one would expect this feature to result from a combi-
nation of Si1v, C1V, and N 1V, with Si1V increasingly dominant
for cooler stars.

Bry is another key diagnostic line, providing valuable infor-
mation on both the mass-loss rate and the luminosity class of
the star via the observation that, in general, increased luminosity
is associated with elevated mass-loss rates. Such a relationship
appears realised in the Arches, where the line is seen fully in
emission in both the WR and hypergiant cohorts. Less-evolved
stars support lower stellar luminosities and are normally asso-
ciated with reduced mass-loss rates, favouring a transition to
photospheric absorption profiles and motivating the division
between hypergiants and supergiants adopted by Ma08. Once
seen in absorption, the shape of the photospheric profile may
in theory be used to assign a luminosity class via the depen-
dence on surface gravity (Hanson et al. 2005). However, given
the luminosities of the stars in question in this study, this may
be complicated by residual contamination of the profile by wind
emission and rotational broadening (although the latter is typi-
cally dominated by the large intrinsic widths of the photospheric
absorption wings).

Once the additional temperature dependence of the HI and
He1 transitions is taken into account it becomes difficult to

O-type supergiant or hypergiant cluster mem-
bers (black) compared to appropriate template
spectra from Hanson et al. (2005; red).

finely discriminate between adjacent luminosity classes (e.g. Ia,
Ib and II and III-V). This is illustrated in Fig. 8, where we
compare template spectra for giant and main sequence objects
from Hanson et al. (2005). For mid-O (O5-6) spectral types
the strength of CIV emission distinguishes between luminos-
ity types, being sytematically stronger in the giants. However
despite the excellent S/N ratio (>100) of the spectra, once this
diagnostic disappears at lower temperatures it becomes more
problematic to reliably differentiate between ~O7-09 giant and
main sequence stars, since in isolation one is forced to rely solely
on the wings of the Bry photospheric line.

Nevertheless, for a subset of high S/N spectra — exempli-
fied by F68, F77, and F96 (Fig. 4) — a classification as giant
appears most appropriate given both the marked similarity to
the spectroscopic standards of Hanson et al. (2005) and notable
differences compared to the “bona fide” Arches supergiants
(cf. discussion in Sect. 3.2). Likewise we may identify a number
of candidate early-mid O dwarfs amongst the photometrically
faintest cluster members — e.g. F87 and F112 (Fig. 5) — that
differ from the assumed giant cohort due to the comparative
weakness of C1V emission. Both sets of spectra may hence be
employed as “anchor points” from which one may “bootstrap”
classify other similar but lower S/N spectra and, in the case
of the main sequence candidates, stars of later spectral type,
which demonstrate a smooth morphological progression. A sim-
ilar approach was also adopted for the more luminous super-
and hypergiants within the Arches. We discuss this process in
more detail below, cautioning that this still leaves a number of
stars for which an indeterminate — e.g. I-III or III-V - lumi-
nosity class is most appropriate given the quality of the current
dataset.

AG6S5, page 5 of 34
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Fig. 3. K-band spectra of O supergiants

2.15
Wavelength (microns)

3.2. Analysis of the dataset

The principal conclusion from consideration of the whole dataset
is that there is a remarkable similarity and continuity between the
spectra of individual stars within the Arches as one progresses
from higher to lower luminosity objects. While we are able
to identify qualitatively distinct spectral morphologies amongst
the fainter cluster members when compared to the more lumi-
nous subset presented by Ma08, the population of the Arches
that we sample appears to consist predominantly, and possibly
exclusively of WNLha and O stars. As described below, despite
reaching a magnitude at which they should be detectable, we
are unable to detect any more evolved Wolf-Rayets in the clus-
ter, such as H-depleted WNE or WC stars. Likewise transitional
objects such as luminous blue variables (LBV) and blue hyper-
giants of later spectral type are also absent. These findings have
important consequences for the age of the Arches, which we
return to in Sect. 5. We emphasise at this point that the spectral
and luminosity classifications discussed below are based solely
on spectroscopic data. Unfortunately, the absolute magnitudes of
individual stars, which would aid classification, are dependent
on the highly uncertain extinction law towards the Arches and
the differential reddening evident across the cluster. Indeed it is
hoped that identification of stars with a well defined luminosity,
such as the main sequence, will help refine these parameters: an
issue we return to in Sect. 4.

3.2.1. WRs and O-hypergiants

With Arches F11 identified as a foreground interloper, we fail
to identify any further WRs within the Arches, while the higher
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within the Arches previously sampled by Ma08
(black) compared to template spectra from
Hanson et al. (2005; red).

S/N spectra provide no compelling evidence to revisit their spec-
tral classifications. A subset of spectra are plotted in Fig. 1 and
following Crowther et al. (2006, 2010) are ordered primarily by
the strength and morphology of the He 11 2.189 um line, the ratio
of which to Bry serves as a classification criterion for WNLh
stars. As anticipated this broadly correlates with a decrease in the
temperatures for individual stars found by Ma08. Considerable
diversity is present in the spectral morphologies of these stars,
most notably in the shape of the HeT profile and the strengths
of the nitrogen, carbon and oxygen transitions, which Ma0§8
attribute to differences in CNO burning products at the stellar
surface.

Ma08 identify two extreme O super-/hypergiants — F10 and
F15 — within the Arches on the basis of strong Bry emission, a
criterion also consistent with examples presented in the spectral
atlas of Hanson et al. (2005). Following this criterion we signif-
icantly expand on the number of O hypergiants present in the
cluster, identifying a further six candidates — the secondary in
the binary F2, F13, F17, F18, F27, and F40 (Fig. 2).

We highlight the morphological similarities between the
most extreme example, F17, and the least extreme WNLh within
the cluster, F16, which suggest a close evolutionary connection
between the two classes of star (Fig. 1). Indeed the increased
population of hypergiants within the Arches strengthens the
hypothesis by Ma08 that they represent an intermediate evolu-
tionary phase between the supergiant and WR populations.

Of the hypergiants, comparison of F18, F27, and F40 to
the template spectra of Hanson et al. (2005) suggest that they
are O4-5 If* stars, albeit with slightly lower mass-loss rates
inferred from the weaker Bry emission. Conversely the sec-
ondary in the eclipsing binary F2 along with F10, F15, and F17
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Fig. 4. Comparison of cluster members (black)
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demonstrate much stronger Bry emission along with the
presence of a notable absorption component to the 2.11 ym blend
attributable to the He1 2.112 um transition (behaviour mirrored
in the HeT 2.059 um singlet). In conjunction with the reduc-
tion in strength of the C1v 2.069 um and 2.079 um lines — the
object with the deepest HeT 2.112 um feature, F10, also shows
the weakest CIv emission — this observation suggests these
are cooler objects than F18, F27, and F40, albeit with denser
winds. Given the lack of suitable spectral templates we pro-
visionally classify these as 05-6 Ia* (F2 secondary and F17),
06-7 Ia* (F15), and O7-8 Ia* (F10), noting that quantitative
model-atmospheric analysis will be required to confirm this
spread in temperatures.

Finally we turn to F13 which, despite sporting weak Bry
absorption demonstrates deep absorption in the HeT lines and
a lack of C1v emission — a combination of features not repli-
cated in any other cluster member with the exception of F10.
Given this, and mindful of the Bry absorption we therefore adopt
a similar classification of O7-8 Ia™.

3.2.2. O supergiants

Next we consider the O supergiants within the Arches, con-
centrating first on the brighter cohort considered by Ma08,
comprising 13 stars between F18 and F40, to which we add
a further six stars'?, all of which appear to be O supergiants.
Attribution of absolute spectral types is complicated by the lack
of suitable template spectra, particularly for stars of the lumi-
nosities expected for the Arches. In this respect we highlight that
comparison to the spectra of Hanson et al. (2005) reveals that

10 B4, F19, F24, F25, F30, and F38.

tra from Hanson et al. (2005; red). We note
that no template spectra earlier than OS5 III are
available.

emission lines in cluster supergiants are systematically stronger
(cf. F30 and F33; Fig. 3). Nevertheless the higher S/N afforded
by the new data allows us to provide robust relative calibrations
since we can now reliably identify systematic variations in both
Bry (a proxy for mass-loss rate/wind density) and He1 2.112 yum
(temperature) lines (Fig. 3).

While the majority of these stars show the 2.11 um blend
purely in emission, indicative of an O4-5 Ia classification (e.g.,
F20, F28, and F33; Figs. 3 and A.l and Table A.1), five stars
show He I 2.112 um absorption components of various strengths,
suggestive of later spectral types; we assign provisional classifi-
cations of 05.5-6 Ia (B4, F22, and F29) and 06-6.5 Ia (F21 and
F23). Irrespective of spectral type we identify varying degrees
of infilling of the He 1+Bry photospheric blend, which is almost
absent in B4, F20, F21, and F33 (Figs. 3 and A.l). This would
suggest a close connection with the hypergiants — where this
blend is seen in emission — for these stars, with F20 and F33
(no Her 2.112 um absorption) being direct antecedents of hot-
ter O hypergiants such as F18, F27, and F40, while B4 and F21
(HeT 2.112 um absorption) fulfil this role for the cooler hyper-
giants F10, F15 and F17.

We now turn to fainter stars for which no previous spectra
have been published; these would be expected to comprise
lower luminosity supergiants, giants and possibly main sequence
objects. We present a montage of spectra of selected stars in
Fig. 4 and it is immediately clear from comparison to known
supergiants that additional examples are present within this
cohort - e.g. F42, F43, and F60. In total we identify a further
8 supergiants, noting that none have spectral types outside the
previous range (04-6.5 Ia; Table A.1). We caution that follow-
ing Fi02, the increasing “F” numbers of these stars is indicative
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of reduced luminosities and so luminosity classes Iab, b, or II
may in reality be more appropriate for some than the generic la
assigned here. Indeed this possibility is reflected in the assign-
ment of a luminosity class I-III for six stars for which emis-
sion lines are significantly weaker than “bona fide” supergiants
(cf. F54 and F62 in Fig. 4, Table A.1).

To summarise: Ma0O8 identified 13 mid-O supergiants of
which we reclassify two as hypergiants. We more than double
this number, finding a total of 25 04-6.5 Ia supergiants within
the Arches, with a futher six objects of comparable spectral type
assigned a luminosity class [-III to reflect a systematic reduction
in emission line strength accompanied by an increase in strength
of the Bry photospheric line.

3.2.3. O giants and main sequence stars

As discussed in Sect. 3.1 (and illustrated in Fig. 8), given the
difficulty in distinguishing between main sequence and giant
O stars we consider the remaining objects together. As with
more luminous objects we employ the presence or otherwise
of Hel 2.112um and Hell 2.189 um absorption in conjunc-
tion with C1v 2.069 + 2.079 um emission (where present)
to constrain spectral type, while luminosity class diagnostics
are outlined in Sect. 3.1. Direct comparison of observations
to template spectra identifies six potential O giants (Figs. 4
and A.l) with spectral types ranging from ~O5-6 (F96) to
~06-6.5 (F77). This conclusion is bolstered by comparison
of the spectrum of F68 (05.5-6 III) to the supergiant F29
(05.5-6 Ia; Fig. 4); emission lines are systematically weaker
while the Bry photospheric profile is deeper, with much more
pronounced wings. We assign an intermediate (III-V) lumi-
nosity class to a further five stars (spanning the same range of
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Fig. 5. Comparison of selected fainter clus-
ter members (black) with MS K-band tem-
plate spectra from Hanson et al. (2005; red).

spectral types) where the comparatively low S/N compromises
an assessment of the strength of the intrinsically weak C1v
2.079 um line relative to the 2.11 um emission blend. We also
identify a population of stars which we tentatively classify as
main sequence stars on the basis of the width and depth of
the Bry line and, for the earliest spectral types, the absence of
C1v emission even when other indicators of high temperature
— such as strong Hell 2.189 um absorption and a lack of a
He1 2.112 um absorption component in the ~2.11 ym emission
blend — are present (cf. Fig. 8). Examples are presented in Figs. 5
and 6, with the earliest examples being O5-6 V (e.g. F87). How-
ever, the relatively low S/N of many of these spectra complicates
identification of features such as He 1T 2.189 um and so greater
uncertainty is associated with these spectral classifications.
Indeed in a number of spectra Bry is the only line which may
be confidently identified and hence we adopt a generic >08 V
classification for such stars, with the expectation that a number
of stars may be substantially later (e.g. early-B) than this.

For completeness we highlight anomalies in the Bry pro-
files of a number of stars (Fig. A.l). F81 (06-7 III-V) and,
subject to the low S/N of the spectrum, F139 appear to show
a sharp central emission peak superimposed on a broad pho-
tospheric profile. Likewise, infilling leads to an essentially flat
continuum for F90 and F92 (both O5-6 V) and F93 (05-6 III-V).
Further observations will be required to assess the veracity of
these features.

3.2.4. The absence of H-free WRs, LBVs, and
interacting binaries

Finally, we consider the lack of certain types of evolved objects
within the Arches. Turning first to H-free WRs, and if we are
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Fig. 7. Errors associated with the HST/WFC3 F127M, F139M and
F153M photometry presented in Table A.1.

correct in our detection of the main sequence within the Arches,
then we are reaching stars with My ~ —4.4(05 V) to ~ -3.3
(09 V; Martins & Plez 2006). Consequently, the empirical values
of Mg presented for both WN and WC field stars in Crowther
et al. (2006) imply that, with the exception of the weak lined
WN3-4 stars, we would expect to detect any H-free WN or WC
stars within the Arches. Similar conclusions may be obtained
upon consideration of the absolute near-IR magnitudes of the
WR cohort within Wd1 (Crowther et al. 2006).

Fig. 6. Comparison of selected fainter cluster
members (black) with MS K-band template
spectra from Hanson et al. (2005; red).

Hel

— NII

T
=
z

05111 05V
1.4 =

& ? m 06.5111 06V
07 5107V
7‘ 09111 ONB\

P .
2.1 2. 15
Wavelength (microns)

— Hel
— BrG

— Hell |

Normalised flux +constant

-

Fig. 8. Comparison of K-band classification spectra from Hanson et al.
(2005) for mid-late O giant (black) and main sequence (red) stars. For
earlier spectral types the strength of C1v relative to e.g. the 2.11 um
emission blend serves to distinguish between giants and main sequence
stars, being weaker in the latter. For later spectral types one must rely
on the shape of the Bry profile, although this can be compromised by
stellar rotational velocity.

Theoretical simulations support such an expectation. Groh
et al. (2013) present Mgs for the pre-SN (WC or WO) end-
points of single massive (60—120 M) stars which are in the
range (Mg ~ —3.3 to —4.5) that we sample. Secondly Groh et al.
(2014) present a detailed appraisal to the lifecycle of a single
60 M, star and show that after spending ~3.2 Myr as an O
supergiant it evolves through a variety of high luminosity phases
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(blue hypergiant and luminous blue variable) before reaching
H-free WN, WC, and finally WO states — all of which would be
readily detectable in the Arches and are significantly longer-lived
than the WNLh phase.

However, even if we are mistaken in our identification of
the cluster main sequence, comparison of the Arches to the
Quintuplet cluster is strongly suggestive of a lack of H-free WC
stars. Located at a comparable distance and presumably observed
through a similar extinction column, the Quintuplet has a rich
population of WC stars (e.g. Liermann et al. 2009). Of these, the
faintest, potentially single stars have mpysw ~ 11.3—11.7 mag,
while those found in binaries are signficantly brighter still, rang-
ing up to mpysw ~ 7.2mag (due to the formation of hot dust
in the wind collision zone; Clark et al. 2018). In compari-
son we have spectral classifications for all stars to a limit of
mposw ~ 12.41 mag (F31, Table A.1), strongly suggesting that
no WC stars are present within the Arches at this time unless
subject to particularly extreme differential reddening. Moreover,
we may not easily appeal to the presence of such a star in a binary
in which emission from the companion overwhelms it unless it
is in such an orbital configuration that dust does not form and
it is intrinsically fainter than examples within the Quintuplet.
Trivially, similar conclusions may also be drawn from consid-
eration of the massive field star population of the Galactic centre
(Mauerhan et al. 2010a; Mauerhan et al. 2010b) and the Galactic
centre cluster (Martins et al. 2007).

Given the intrinsic IR luminosity of (candidate) luminous
blue variables (LBVs) and cool hypergiants we can be sure that
none are present within the Arches. Regarding LBVs; while it
might be supposed that the Arches is too young for this phase
to be encountered, the (pathological) LBV n Carina is located
within the Trumpler 16/Collinder 228 stellar aggregate, which
Smith (2006) show to contain a comparable stellar population of
H-rich WNL and O stars to the Arches.

Lastly, while X-ray observations and our RV studies suggest
that a number of (colliding wind) binaries are found within the
cluster (Wang et al. 2006, Papers II and III), the Arches appears
to lack any systems in which rapid case-A mass-transfer is ongo-
ing. Several examples of such systems have been proposed —
Wd1-9 (Clark et al. 2013b; Fenech et al. 2017), RY Scuti (Gehrz
et al. 1995, 2001; Grundstrom et al. 2007), NaStl (Mauerhan
et al. 2015), and LHA 115-S 18 (Clark et al. 2013a) — and appear
to manifest as (supergiant) B[e] stars (cf. discussion in Kastner
et al. 2010), supporting a combination of a rich low excitation
emission line spectrum and bright X-ray, IR, and sub-mm/radio
continuum emission (due to colliding winds, the presence of hot
dust and a highly elevated mass-loss rate, respectively). Such a
combination of observational features would render such stars
readily identifiable within the Arches, but none appear present.

4. The impact of an uncertain extinction law
towards the Galactic centre

During the classification of cluster members we have intention-
ally excluded consideration of magnitudes due to the uncertainty
in the correct interstellar reddening law to apply. Indeed we wish
to utilise the main sequence cohort to better constrain reddening
and so utilising photometric data in their identification would
introduce a circularity into the argument.

Three issues beset attribution of interstellar reddening to
individual stars: adoption of the correct reddening law, the
presence of inhomogenous reddening across the cluster and
an intrinsic IR-excess due to continuum emission from stellar
winds. A number of studies have attempted to determine the

A65, page 10 of 34

reddening law to the Galactic centre, with Rieke & Lebofsky
(1985) providing the first optical-IR constraints. Their results
were then generalised to a power-law formulation (A, o« A~ with
a = 1.61) by Cardelli et al. (1989), although later studies utilis-
ing near-IR surveys (Nishiyama et al. 2009) and red-clump stars
(Schoedel et al. 2010) suggest a steeper index of @ = 2. An alter-
native, derived for the nearby Quintuplet cluster from analysis of
mid-IR data and based on the work of Lutz (1999), was described
by Moneti et al. (2001); given the proximity of both clusters
such a prescription could be appropriate for the Arches too.

Habibi et al. (2013) studied the reddening towards the Arches
based upon the power-law formulation of Rieke & Lebofsky
(1985; @ = 1.61) and Nishiyama et al. (2009; @ = 2) and demon-
strated that extinction across the cluster is highly variable with
no strong systematic trends as a function of location, ranging
from 2.7 < Ax < 4.5mag and 2 < Ax < 3.4 mag respectively.
This has the potential to lead to large uncertainties in luminosity
even before uncertainties in the intrinsic colour of individual
stars due to wind emission are considered.

To emphasise the difficulty in constraining interstellar
reddening and hence stellar luminosities, in Figs. 9 and A.2
we present the results of preliminary analysis of four of the
WNLh stars, which are known to support strong stellar winds.
We employ the CMFGEN non-LTE model atmosphere code
of Hillier & Miller (1998, 1999) following the methodology
described in Najarro et al. (2004). Spectroscopic data from the
current paper were utilised as well as photometry from Table 1,
Fi02 and Dong et al. (2011), paying particular attention to the
bandpasses of individual filters. We adopted two prescriptions
for the reddening law — a power-law for which the index was
allowed to vary and that of Moneti et al. (2001).

The differences between best-fit models employing the two
reddening laws are stark; in each case the power-law prescrip-
tion results in a luminosity a factor of 3.4 (F7) to 4.5 (F6) times
smaller than that derived under the assumption of the Moneti
et al. (2001) law. While the luminosities derived from the latter
are more in line with those derived from Ma08, given this gulf
we refrain from discussing detailed model results for the physical
properties of individual stars. However, more generally, we note
that in each case the indices for the power-law prescription dif-
fer from one another, which is not expected on a physical basis,
and are systematically steeper than previous derivations, leading
to unexpectedly low stellar luminosities. We take both obser-
vations as a hint that this formulation does not provide a true
description of either the reddening law or the stars themselves.
However firm conclusions must await individually tailored quan-
titative analyses of a larger, statistically robust sample of cluster
members.

Moreover, such an analysis also emphasises the role of dif-
ferential reddening across the Arches. For the examples in this
work the effect is limited, with extinction adopting the Moneti
(power-law) prescription ranging from Ag ~ 3.43-3.62 for the
WNLh stars considered, but Lohr et al. (2018) report Ax ~ 4.52
via an identical methodology for the similar object F2 — a range
of ~1.2 mag. which reflects the results of Habibi et al. (2013).

5. Stellar and cluster properties

Given the significant uncertainties (ALypo ~ 0.6 dex) introduced
by the lack of an accepted extinction law for the galactic
centre, the effect of differential reddening (ALy, ~ 0.4 dex) as
well as the effects of unrecognised binarity (ALy, ~ 0.3 dex)
we refrain from constructing a cluster HR diagram at this time.
As a consequence we are also unable to provide a quantitative
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Fig. 9. Synthetic model-atmosphere spectra for the WNLh star F6 computed for two differing assumed interstellar reddening laws, illustrating
the dramatic dependence of bolometric luminosity on this choice. HST photometry employed are from Table 1, Fi02 and Dong et al. (2011). The
black line reflects the model spectrum that was reddened with @ = 2.34 which results in A;; = 1.860, while the blue line follows Moneti’s law with
Ays = 3.475. Transmission curves for the filters used for the fit are shown in green (broad band) and pink (narrow band), and symbols are plotted
for each magnitude measurement to show the goodness of fit: orange diamonds for the a-model and pink stars for the Moneti model. The x-axis
position of each symbol corresponds to the classical 4y of the filter at which the zero-point flux is defined. The y-axis position coincides with its
corresponding model curve if the observed magnitude matches the magnitude of the reddened model. Although the models differ considerably
for Logd < 4.1 (e.g. the F110W filter), they yield the same observed magnitudes. The reason for this is that, due to the high extinction, the
reddened-SEDs fall off very steeply as lambda decreases and as a result the effective wavelength of the filter moves to the red.

age estimate for the Arches from isochrone fitting, an esti-
mate of masses for individual objects via comparison of current
physical properties to evolutionary tracks and an accurately cal-
ibrated cluster luminosity function, or products derived from
it, such as the (DMF. In particular the errors in luminosity
(ALyo ~ 0.2dex) adopted by both Ma08 and Schneider et al.
(2014) in their construction of an HR diagram and determina-
tion of the cluster (I)MF (respectively) appear to underestimated;
leading to greater uncertainty in physical properties derived from
these products.

The lack of such parameters are a serious impediment to
exploiting the potential the Arches offers to probe the lifecy-
cle of very massive stars; is there a high-mass truncation to
its mass function and if so is it imposed by the physics of star
formation/evolution or instead due to the most massive stars
already having been lost to supernovae (SNe)? Given the mag-
nitude of the uncertainties associated with current luminosity
determinations, it is not immediately obvious how robust any
extant age estimate for the Arches is (cf. Sect. 1). Such a situ-
ation is regrettable, since the ages determined by such studies
currently straddle the threshold at which very massive stars may
be expected to undergo SNe.

Despite these observational limitations, we may still utilise
a combination of (i) dynamical mass estimates via cluster bina-
ries and (ii) observational and/or theoretical calibration of the
mapping between stellar mass and spectral type/luminosity class
to estimate stellar masses. Similarly, age constraints may be
imposed by comparison of the stellar content of the Arches
to (i) those of other clusters for which age determinations via
isochrone fitting have proved possible and (ii) the results of the-
oretical studies undertaken to determine the time at which stars
of a given mass evolve through particular evolutionary phases.
Before discussing this methodology in detail we highlight that
the theoretical studies employ predictions based on the evolu-
tionary pathways of single stars, which might be significantly

modified if instead a binary channel dominates (cf. Schneider
et al. 2014).

5.1. Masses of cluster members
5.1.1. Dynamical masses

While a number of binary candidates have been identified within
the Arches (Paper III), due to the limited temporal coverage of
our dataset dynamical mass estimates have only been obtained
for the components of the eclipsing SB2 system F2 (Paper II).
This comprises a WN8-9h primary and O5-6 Ia* secondary, with
current masses of ~82 + 12 M, and ~60 + 8 M, respectively.
Such an extreme mass for the primary is consistent with dynam-
ical estimates for other hydrogen-rich WNLh stars!!, albeit
subject to the twin caveats that these examples are of earlier spec-
tral subtypes (possibly a function of differing metallicities) and
that some lower mass examples are also known'?.

There are a similar handful of extreme O super-/hypergiants
with dynamical mass determinations'?. While caution has to
be applied when considering HD 153919 — which is a product
of binary evolution (Clark et al. 2002) — and the lower metal-
licity system R139, the mass of the secondary in F2 is also

I For example, the Galactic stars WR20a (WN6ha + WN6ha, 83 + 5 +
82 + 5 My; Bonanos et al. 2004), WR21a (O3/WN5ha + O3 Vz((f)),
> 64.4+£4.8+ > 36.3 £ 1.7 M; Tramper et al. 2016) and NGC 3603-A1
(WN6ha + WN6ha, 116 = 31 + 89 + 16 M; Schnurr et al. 2008).

12 For example, WR22 (WN7ha + 08-9.5 III-V, 55.3 + 7.3 + 20.6 +
1.7 M; Schweikhardt et al. 1999).

13 The Galactic systems LS [I+46 11 (03.5 If* + O3 If*, > 38.8 +
0.84 > 35.6 + 0.8 M; Maiz-Apelldniz et al. 2015), Cyg OB2 B17 (O7
Taf* + O9 Iaf, 60 + 5 + 45 + 4 M; Stroud et al. 2010), the primary of the
X-ray binary HD 153919 (06.5Iaf*, 58 + 11 M,; Clark et al. 2002), and
the LMC star R139 (06.5Iafc + O6 Iaf, > 78 + 8+ > 66 + 7 M,,; Taylor
et al. 2011).
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Fig. 10. Dynamical masses as a function of spectral type for main-
sequence O stars. Symbols in black denote eclipsing systems as
described in Sect. 5.1.1. Symbols in red denote the lower dynamical
limit for the non-eclipsing secondary in WR21a and the primary and
secondary components of HD 150136, with the dotted lines connecting
to spectroscopic mass estimates for the latter two stars. Error bars
for these two objects reflect uncertainties in their spectral type. Small
offsets have been applied to individual stars of spectral types O5.5, 06,
07, 08, 09, and 09.5 for clarity.

fully consistent with these values; as with the WNLh stars, the
early-mid O hypergiants also seem to have evolved from very
massive progenitors.

Unfortunately we are only able to find dynamical mass
estimates for a handful of O giants and supergiants, all of which
are of later spectral type than found within the Arches'*. Fortu-
nately, significantly more dynamical estimates are available for
main sequence O stars, and in Fig. 10 we present values from
Weidner & Vink (2010; henceforth WeVil0) for galactic stars,
supplemented by more recent determinations'. This indicates
a broad linear relationship between mass and spectral type,
with masses ranging from ~20 Mg for O9 V stars through to
~30-38 M, for the earliest O5-6 V candidates identified within
the Arches.

5.1.2. Theoretical calibration of the spectral type vs. stellar
mass relation

In an effort to circumvent the lack of dynamical mass deter-
minations WeVilO and Martins & Palacios (2017; henceforth
MaPal7) both utilised stellar evolutionary codes to predict the
physical appearance of single stars of a given mass at a partic-
ular stage of their lifecycle. The former authors compare the

14 The primary of V729 Cyg (O7lanfp, ~ 31.9 + 3.2 M; Linder et al.
2009), the secondary of Wd1-13 (09.5-B1 Ia; 35.4 + 5 M,; Ritchie et al.
2010), V1007 Sco A+B (07.5 III + O7 111, 29.5 + 0.4 + 30.1 = 0.4 My;
Mayer et al. 2008), and CC Cas (08.5 111, 35.4 + 5 M,; Gies 2003).

15 V382 Cyg (O7 V + 08V, 27.9 £ 0.5 + 20.8 + 0.4 M; Yasarsoy &
Yakut 2013), MY Cam (04 V + 06 V, 37.7 + 1.6 + 31.6 + 1.4 My;
Lorenzo et al. 2014) and HD 150136 (03-3.5 V((f*)) + 05.5-6 V +
06.5-7 V((D)), > 27.7 £ 0.4+ > 17.5 £ 0.3 M; Mahy et al. 2012). Com-
parison of HD150135 to evolutionary predictions implies ~64 M, and
40 M,, respectively; both values are indicated in Fig. 10.
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outputs of Geneva group models (e.g. luminosity, temperature;
Meynet & Maeder 2003) to the spectral type and luminosity
class calibrations of Martins et al. (2005). MaPal7 adopt a
different approach, utilising the output of the STAREVOL code
(Decressin et al. 2009; Armaed et al. 2016) as input for the
non-LTE model atmosphere code CMFGEN (Hillier & Miller
1998, 1999). They use CMFGEN to generate a grid of synthetic
spectra as a function of initial stellar mass and age, which
then may be subject to spectral classification utilising the same
criteria as employed for observational data.

MaPal7 provide evolutionary pathways for non-rotating stars
of a given initial mass. They show that the main sequence pop-
ulation within the Arches arises from stars spanning ~15 M
(09 V) to ~30-40 M, (O5-6 V). Stars with intermediate
luminosity classes (II-IV) have initial masses ranging from
~40-50 M, (06.5-7) to ~50—60 M, (O5-6). Finally the O4-5 Ia
stars appear to evolve from very massive >80 My progeni-
tors, while the handful of later O5-6.5 Ia stars are potentially
consistent with an extension of this range to ~60 M, and above.

In contrast WeVilO provide initial and current masses for
both non-rotating and rotating stars of a given spectral type
and luminosity class. The results for O9V stars — ~14—24 M —
are broadly compatible with the findings of MaPal7. However
WeVil0 report a much wider mass range for O5-6 V stars;
~26—-53 M, (28—53 M) for non-rotating(rotating) models. This
trend continues through to supergiants, with WeVilO suggest-
ing that O4-5 Ia stars may derive from progenitors with masses
of 58-120 My (52-97 M) for non-rotating (rotating) mod-
els, with current masses spannning ~52—-103 M, (43-74 M)
respectively. Such ranges differ significantly from the results of
MaPal7 and, if confirmed, would appear to preclude the assign-
ment of unique stellar masses based on spectral classification
alone, especially for the earliest spectral types.

5.1.3. Summary - stellar masses for Arches members

Given the notable differences between the two theoretical
studies summarised above, we assign primacy to dynamical
mass estimates (Sect. 5.1.1). In doing so we suggest that both
initial and current masses range from ~15-20M; for the
08-9 V stars within the Arches, through to ~30—-40 M, for the
05-6 V stars. These estimates are broadly consistent with the
results of MaPal7. The current masses of the WN8-9h primary
and 05-6 Ia* secondary of F2 are consistent with other dynam-
ical estimates for stars of comparable spectral type suggesting
that the respective cluster cohorts are likewise of very high mass
(~80 Mg and ~60 M, respectively), noting that neither theoreti-
cal study encompasses such stars. Finally the lack of dynamical
estimates and the wide mass ranges suggested by WeVil0 and, to
a lesser extent, by MaPal7, preclude the emplacement of robust
values for the current masses of the Arches giant and super-
giant populations, but one might reasonably expect them to lie
between the preceding extremes (i.e. ~40—60 M,,).

It has long been established that the stellar winds of very
massive stars significantly reduce their masses as they evolve
away from the zero-age main sequence. This is evident in the
Arches, where comparison to evolutionary calculations suggests
that the WN8-Sh primary of F2 was likely born with a mass
of >120 M (Lohr et al. 2018, Paper II). Given that correction
for this effect required an accurate determination of the current
stellar parameters of F2, we refrain from inferring initial masses
for the more evolved stellar cohorts (the remaining WNLh and
O stars of luminosity classes I-IIT) within the Arches at this time.
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5.2. Cluster age
5.2.1. Comparison to other clusters

While determining a cluster age via isochrone fitting is impossi-
ble at this juncture, we may utilise the presence — and absence
— of stars of particular spectral types/luminosity classes to pro-
vide a qualitative estimate. The simplest approach is to compare
the stellar content of the Arches to clusters with more accu-
rate age estimates due to lower interstellar extinction (cf. the
compilation by Clark et al. 2013b). Trivially, the lack of cool
super/hypergiants suggests an age of <5 Myr (Clark et al.
2005). Fortuitously, despite suffering from a similarly uncer-
tain extinction, a more stringent constraint is provided by the
Quintuplet cluster, which hosts a substantial ~O7-B0 supergiant
population — while lacking the O4-6 supergiants found in the
Arches — as well as a wealth of early B hypergiants and LBVs
(Figer et al. 1999b; Liermann et al. 2009; Clark et al. 2018).
These populations are absent from the Arches, suggesting that
it is a younger system. Comparison to the studies of Groh et al.
(2014) and MaPal7 suggests an age of ~3—3.6 Myr for the Quin-
tuplet, which consequently would form an upper limit to the age
of the Arches.

A lower bound to the age of the Arches is suggested by the
apparent lack of stars with spectral type O2-3 of any luminosity
class. Specifically, NGC 3603'°, the apparently single aggregate
comprising Trumpler 16 and Collinder 228", Trumpler 14'® and
R136 at the heart of the LMC star-forming region 30 Doradus'
all appear demonstrably younger than the Arches.

Nevertheless we are able to identify comparators, specifically
Danks 1 (1.5*)3 Myr; Davies et al. 2012) and potentially the
lower mass aggregate Havlen Moffat 1 (~1.7-4 Myr; Massey
et al. 2001; Véazquez & Baume 2001). Consequently such an
approach yields a qualitative age determination broadly consis-
tent with previous quantitative estimates, although critically not
of sufficient precision to determine whether one would expect
SNe to have already occurred.

5.2.2. Comparison to theoretical predictions

A related approach is to use the presence — or absence — of par-
ticular combinations of spectral types and luminosity classes
in conjunction with theoretical predictions to infer ages for
such stars. Trivially, such a methodology is susceptible to the
same uncertainties in the evolutionary physics that afflicted the
(analogous) determination of stellar masses in Sect. 5.1.2. More-
over the ingress and egress of cluster stars from a particular
evolutionary phase is expected to be dependent on the distribu-
tion of stellar rotational velocities, which is unconstrained for the
Arches.

Mindful of these caveats, and subject to uncertainties in the
spectral classification, an obvious starting point is to utilise the
location of the main sequence turn-off; given the possibility
that very massive objects, such as the WNLha stars, may still
be H-burning, we use this term with reference to a departure

16 Hosting six O3V, six O3 III, one 03.5Ifa, one O31f*/WN6 and three
WNb6ha stars for an assumed age of ~1-2 Myr (Drissen et al. 1995;
Melena et al. 2008).

17 Hosting two 03.5 V((f)) stars and three WN6-7ha stars for an
assumed age of ~2—3 Myr (Smith 2006).

18 Hosting one O2If* and three O3 V stars for an assumed age of
~1-2 Myr (Smith 2006).

19 Hosting three WN5h, one O2 If*/WN35, two O2 If, two O2 III-If, two
02-311I and 8 02-3 V stars for an age of 1.5*)3 Myr (Crowther et al.
2016).

from luminosity class V. WeVil0 demonstrate that the apparent
absence of main sequence stars of spectral class O4 and earlier
implies a minimum age of ~2 Myr for the Arches for both rotat-
ing and non-rotating models. Conversely, WeVil0 suggest that
05 V (06 V) stars evolve away from the MS after 2.4 (3.3) Myr;
given their presence within the Arches this provides an upper
limit to the cluster age.

Are the properties of the O supergiant and giant cohorts con-
sistent with a cluster age in the range of 2-3.3 Myr? Turning
first to the supergiants, and such a lower limit would be consis-
tent with the absence of O3 I-III stars, which WeVil0 suggest
disappear after 1.7 Myr. They further suggest that while non-
rotating O4 supergiants vanish after ~2 Myr, rotating examples
persist until 2.8 Myr, while non-rotating (rotating) OS5 Ia stars
may be expected until 2.5 Myr (3.4 Myr); both consonant with
the age range inferred from the main sequence turn-off. Non
rotating supergiants of spectral type O6 (6.5) first appear after
2.1 (2.2) Myr and so are also expected within this window.
Thus, depending on the distribution of rotational velocities and
given the uncertainties in spectral classification, the properties
of the supergiant cohort are indeed consistent with an age of
~2.0-3.3 Myr.

Interpreting the prospective giant population is more difficult
given current observational uncertainties. Broadly speaking, the
time of the first appearance of giants with spectral classifications
earlier than ~O6 is consistent with the upper limit(s) to the clus-
ter age; however objects with spectral types later than ~06.5-7
might be expected to appear at later times. Consequently if stars
such as F85 (O7-8 III-V) are found to be giants they may be
in tension with the constraints implied by the main sequence
population.

Unfortunately, no theoretical predictions for the ages of the
hypergiant and WNL populations are available to test their
compatibility with these estimates.

We may, however, utilise the apparent lack of WC (or
other hydrogen-free) stars, LBVs and B-type hypergiants within
the Arches to provide additional constraints (Sect. 3.2.4). The
absence of WC stars implies that cluster members have yet to
reach this evolutionary stage and, since it is thought to almost
immediately precede core-collapse, it appears likely that SNe
also have yet to occur. Groh et al. (2013) provide simulations
of massive stars that yield the time at which SNe take place as a
function of initial stellar mass. For 120 M, stars — implied by the
primary of F2 (Sect. 5.1.1) — these suggest that SNe first occur
between 3 and 3.55 Myr (for non-rotating and rotating models);
if the above assertions are correct the latter serves as an upper
limit to the cluster age”.

In a related study Groh et al. (2014) provide the full evolu-
tionary sequence for a non-rotating 60 M, star, showing that a
combined B-type hypergiant/LBV phase is encountered between
~3.25 and 3.56 Myr (~10% of the lifetime of the preceding
O supergiant phase). Since we may confidently expect stars of
60 M to have formed within the Arches (Sect. 5.1) we can
assume that they have yet to evolve this far and consequently
that the cluster is likely to be younger than ~3.2 Myr.

To summarise — we infer a current age for the Arches of
~2-3.3 Myr from the apparent position of the main sequence
turn-off. As far as we may determine, such a value is consistent

with (i) the age of ~2.6f8:‘2‘ Myr obtained for the eclipsing SB2

20 Unfortunately Groh et al. (2013) do not provide timings for the onset
of the WC phase for stars >85 M, and so we cannot allow for its duration
in our age determinations, although we note that for >60 M, stars Groh
et al. (2014) show the WC phase persists for ~0.2 Myr prior to SN.
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binary F2 (Paper II), (ii) the properties of the more evolved stars
within the Arches — such as the supergiant cohort, (iii) the lack of
LBVs and H-free Wolf-Rayets such as the WC and WO subtypes
and (iv) the ages determined for other young massive clusters
with similar stellar populations. Within the uncertainties it is also
consistent with previously published determinations, albeit lying
at the lower end of the resultant span of age estimates.

Furthermore given the absence of an H-free stellar cohort
we consider it unlikely that the cluster is at an age at which SNe
are regularly occurring, although we cannot exclude the possi-
bility that a handful of unusually massive (>>120 M) stars have
already been lost to such events.

6. Discussion

As previously discussed the most noteworthy features of our
spectroscopic dataset appear to be the continuous and smooth
progression of spectral morphologies from intrinsically lumi-
nous to less luminous cluster members and the absence of any
star more evolved than the WNLh cohort. To these we may add
the apparent lack of massive blue stragglers within the cluster.
Specifically no stars with spectral types O2-3, such as those seen
in e.g. NGC3603 and R136, are present (footnotes 16 and 19
and Crowther & Walborn 2011). Likewise no WNS5-6h stars are
found within the Arches, although they have been identified in
younger clusters such as NGC 3603 (Melena et al. 2008).

What constraints do such observations place on stellar evo-
lution? The distribution of spectral types amongst the candidate
main sequence and giant stars is consistent with single star evo-
lution and the simulations of Schneider et al. (2014) which imply
that the majority of stars in the ~32—-50 M, window are pre-
interaction systems. However the situation differs for supergiants
and more luminous/evolved stars. Ma08 interpret the distribution
of spectral types under the paradigm of single star evolution, sug-
gesting that they are consistent with an evolutionary sequence
progressing from O supergiant through O hypergiant to WNha
star (for masses >60 M), with the latter stars evolving from
earlier (02-3) supergiants than are currently present within the
Arches. Conversely, Schneider et al. (2014) suggest — under the
assumption of a 100% initial binary fraction — that the WNha
stars are instead binary products.

Two observational findings cast light on these assertions.
Firstly there is a smooth progression from O supergiants with
infilled Bry absorption (e.g. F20, F33, and B4; Fig. 3) through
the least extreme hypergiants (e.g. F18, F27, and F40; Fig. 2)
to those with the strongest emission in Bry (F10, F17 and the
secondary in F2; Fig. 2) which in turn are almost indistinguish-
able from WNLha stars such as F16 (Fig. 1). The development of
increased emission in Bry is indicative of a progressively denser
stellar wind across these spectral types and reinforces the sup-
position that the hypergiants indeed bridge the gap between the
O supergiant and WNLha stars. Secondly the physical proper-
ties of the eclipsing binary F2 suggest it is in a pre-interaction
phase (Paper II). Analysis of its lightcurve suggests that it is just
entering a contact phase with the orbit found to be slightly eccen-
tric. Moreover the current WN8-9h primary of F2 appears in a
more evolved phase than the O4-5Ia* secondary; if it were the
product of mass transfer the reverse would be the case.

As a consequence we strongly suspect that at least some of
the WNLh cohort are indeed the product of the single star evolu-
tionary channel proposed by Ma08. However, the presence of F2
and the hard X-ray emission from a number of other WNh stars
is clearly indicative of a binary population amongst these objects
(Wang et al. 2006). Consequently one might ask where the
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post-interaction binaries are given that Schneider et al. (2014)
suggest that on average the most massive star in an Arches-
like cluster would be expected to be a binary product after only
~1 Myr?

Obvious routes to lower the expected number of blue strag-
glers would be to reduce one or more of the cluster mass, age or
binary fraction and/or to steepen the initial mass function. How-
ever if exceptionally massive stars always present as WN7-Sh in
high metallicity environments such as the Galactic centre, rather
than the WNS5-6h objects seen in e.g. NGC 3603 and R136,
once could suppose that blue stragglers are hidden in plain sight
amongst the most luminous examples of this population.

7. Conclusions

In this paper we present the first results of a multi-epoch spectro-
scopic survey of the Arches cluster, co-adding multiple spectra to
obtain the deepest observations ever of the stellar population. We
supplement these with new HST photometric data for confirmed
and candidate cluster members. Excluding interlopers and those
objects with low S/N and/or blended spectra, we provide spectral
classifications for 88 cluster members, an increase in sample size
over Ma08 by a factor of ~3. We find no further WRs of any sub-
type in the cluster; importantly, no H-free stars have been identi-
fied. In contrast we expand the number of cluster O hypergiants
from two to eight and supergiants from 11 to 25; the largest pop-
ulation of any known Galactic cluster. The greater S/N of these
data allow us to refine previous classifications but, as with Ma08,
no examples of supergiants with spectral type earlier than O4 or
later than O6.5 are found. Extending the sequence of morpholog-
ically similar spectra to fainter objects, we are able to identify a
population of intermediate (I-IIT) luminosity class stars which
smoothly segues into a cohort of giants with spectral types cov-
ering the same range as the supergiants. Finally we identify a
number of fainter objects which we classify as main sequence
stars, with spectral types ranging from O5-6 V to >O8 V. This
implies a main-sequence turn-off between O4-5 V (where we
employ this term to refer specifically to luminosity class V
objects, since it is suspected that some evolved, very massive
stars may still be core H-burning; e.g. Smith & Conti 2008).
Provisional analysis of a number of the WNLh stars reveals
that a combination of uncertainty in the correct extinction law
to apply and differential reddening across the cluster leads to
unexpectedly large errors in luminosity (ALp, ~ 0.6dex and
~0.4 dex, respectively). While our results favour a Moneti rather
than a power-law formulation for the extinction law, accu-
rate determination of the stellar parameters of cluster members
requires modelling of individual objects, beyond the scope of
this work. As such we are not able to make direct comparison
to theoretical isochrones to determine a cluster age, calibrate the
(DMF or determine an integrated cluster mass, and urge cau-
tion with regard to previous determinations — and conclusions
resulting from them — given that uncertainties employed in their
calculation have been systematically underestimated.
Nevertheless we are able to estimate stellar and cluster prop-
erties from the current data. Specifically the dynamical masses
of the WN8-9h+04-6Ia* binary F2 (Paper II) suggest current
masses of ~80 and ~60 M for the WNLh and O hypergiant
cohorts respectively. Comparison of the stellar properties of
the WN8-9h primary to evolutionary tracks suggests an initial
mass of >120 My (Paper II), providing strong support for the
modification of the upper reaches of the current mass func-
tion due to mass-loss (cf. Schneider et al. 2014). Empirical
calibration of the spectral type/mass relation for main sequence
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stars suggests a main-sequence turn-off in excess of ~30-38 M.
Consequently, excluding the 13 stars which we classify as
>08 V, the Arches appears to contain at least 75 stars with ini-
tial masses 230 M, with the masses of the super-/hypergiants
and WNLh stars greatly in excess of this value.

The main sequence turn-off suggests a cluster age of
~2-3.3 Myr, broadly consistent with the properties of the more
evolved population of the cluster, including the eclipsing binary
F2 (Paper II). Notably, the lack of H-free WRs, BHGs, and LBVs
strongly argues against ages much larger than this. Compari-
son to the Quintuplet also suggest an upper limit to the age of
the Arches of <3.6 Myr (Clark et al. 2018), consistent with the
above results. Unfortunately these estimates still bracket the ages
at which one might expect the first SNe to occur for very mas-
sive stars (=120 My). An expanded sample of high S/N spectra
of main sequence stars would help refine this critical parameter.

The smooth evolution in spectral morphologies transiting
from O supergiant through the greatly expanded hypergiant pop-
ulation to the WNLh stars, when combined with the properties
of the apparently pre-interaction binary F2, argues for the preva-
lence of a single star evolutionary pathway within the cluster at
this time. Nevertheless the presence of a number of very massive
binaries (Sect. 6 and Paper III) suggests that a binary channel
may well play an important (future) role. Despite predictions
that binary products may be present within the cluster after only
~1 Myr we see no systems currently exhibiting mass-transfer
nor blue stragglers, unless both single and binary evolution yield
superficially identical WNLh stars.

In conclusion the combination of the relative proximity, age
and the rich stellar population of the Arches makes it a unique
laboratory for studying the evolution of very massive stars via
both single and binary evolutionary channels as well as star for-
mation in the extreme environment of the Galactic centre. In
particular we may hope to constrain the upper mass limit for
very massive stars, determine how they form (and/or how they
subsequently grow via binary interaction) and elucidate the phys-
ical properties of this population. All of these goals are essential
for quantifying chemical, mechanical and radiative feedback in
both the local and early Universe; moreover, such stars are the
prime candidates for pair-instability SNe, GRBs and ultimately
coalescing binary black holes. However in order to fulfil the
potential of the Arches in these regards we must first constrain
the properties of the binary population and the physical parame-
ters of the constituent stars via individual quantitative modelling:
goals that will be addressed in future papers in this series.
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Appendix A: Additional material

Table A.1. The stellar population of the Arches cluster.

1D RA Dec MEi27M ME13o0M MrEissm Meposw #Observations Spec. Notes
(hms) (dms) (mag) (mag) (mag) (mag) (#Epochs) class.

B1 17 45 51.50 -28 49 26.8 - - - - 5(5) WNS8-9h

B4 174550.86  -2849 19.7 - - - - 15(10) 05.5-61a

F1 17 4550.260 -284922.76 1545 14.21 12.97 10.45 10(9) WN8-9h  Radio!

F2 174549.746 -284926.29 16.73 15.29 13.94 11.18 15(14) WN8-9h  SB2, Radio, X-ray
05-6Ia*

F3 17 4550.884 -284926.89 15.05 13.94 12.81 10.46 5(5) WN8-9h Radio

F4 17 45 50.628 2849 18.10 14.57 13.56 12.56 10.37 26(10) WN7-8h Radio

F5 174550.510 28493240 15.68 14.50 13.32 10.86 5(5) WNS8-9h Radio!

F6 174550478 28492279 14.60 13.49 12.39 10.37 13(5) WNS8-9h  Radio!, X-ray

F7 1745 50.529 -284920.03 14.71 13.63 12.58 10.48 26(10) WN8-9h  X-ray

F8 17 45 50.447 2849 21.75 15.12 14.03 12.91 10.76 8(5) WNS8-9h Radio

F9 174550321 -284912.26 1491 13.85 12.82 10.77 10(10) WNS8-9h  X-ray

F10 174550.121 -284927.01 16.21 14.93 13.74 11.46 5(5) 07-8 Ia*

F12 174550337 -284917.78 15.35 14.26 13.21 10.99 13(10)* WN7-8h

F13 174550.102 -284924.15 16.52 15.28 14.08 11.74 5(5) 07-8 Ia*

F14 174550.735 -284923.08 1543 14.34 13.31 11.72 12(5) WNS8-9h

F15 174550.811 -284917.09 15.07 14.05 13.07 11.27 20(11) 06-7 Ia*

F16  174550.581 2849 21.17 15.55 14.48 13.42 11.40 11(5) WNS8-9h

F17 174550.192 2849 27.66 17.03 15.73 14.47 12.15 5(5) 05-6Ia*

F18 174550.532 -284918.42 15.63 14.59 13.61 11.63 23(10) 04-5Ia* Radio

F19 174549.818 -28492648 17.92 16.53 15.18 12.60 14(13) 04-5Ia  Radio

F20 174550481 -284920.18 16.53 15.41 14.38 12.16 20(10) 04-5Ta

F21 174550.820 -284920.11 15.72 14.67 13.68 11.77 22(10) 06-6.5 Ia

F22 174550278 2849 17.21 16.42 15.26 14.16 12.02 9(9)“ 05.5-61a

F23  174551.211 -284923.84 16.38 15.27 14.21 12.19 1(1) 06-6.5 Ia

F24 174550.152 -284921.21 17.29 16.06 14.88 12.61 6(6)° 04-51a

F25 174550.012 -284927.06 18.35 16.93 15.57 13.05 9(9)" 04-51a

F26 174550.610 -284924.03 16.61 15.46 14.37 12.34 8(5) 04-51a

F27 174550.664 -284920.02 16.09 15.01 13.97 12.01 29(10) 04-51Ia*

F28 174550.699 2849 2221 16.17 15.07 14.06 12.17 13(5) 04-51a

F29 174550.799 -284918.14 16.14 15.10 14.10 12.26 22(11) 05.5-61a

F30 174550.275 -284919.10 16.75 15.63 14.56 12.53 10(8)° 04-51a

F31 174550478 -284920.16 - - - 12.41 - -

F32 174550.681 -284920.35 16.46 15.41 14.37 12.42 13(5) 04-51a

F33 174550.723 -284920.40 16.38 15.32 14.32 12.42 13(5) 04-51a

F34 174550.863 28492154 16.54 15.48 14.44 12.49 6(5)" 04-51a

F35 174550.755 -284917.50 16.17 15.15 14.18 12.37 20(11) 04-51a

F36 174549.789 -284907.89  18.03 16.58 15.13 12.60 - -

F37 174550.529 -2849 19.77 - - - 12.63 - - Radio!

F38 174550.755 -284920.48 16.33 15.36 14.22 12.38 11(5) 04-51a

F39 174551.166 -284936.70 16.98 15.84 14.76 12.65 - -

F40 174550.685 2849 18.83  16.63 15.57 14.55 12.67 27(11) 04-51Ia*

F41 174550429 28492742 18.46 17.15 15.89 13.53 - -

F42 174550364 28492124 16.99 15.89 14.85 12.82 10(8) 04-51a

F43 174550.546 2849 19.17 17.28 16.21 15.19 13.04 25(11) 04-51a

F44 174550.701 -284925.59 17.19 16.05 14.93 12.88 5(3) - Blend

F45 174550497 -284924.25 17.33 16.16 15.07 13.01 10(5) 04-51a

Notes. Column 1 indicates the nomenclature for cluster members adopted by Fi02 and Blum et al. (2001), cols. 2 and 3 the J2000 coordinates, cols.
4-6 the new HST WFC3 photometry described in Sect. 2.2 and col. 7 F205W filter photometry from Fi02. Column 8 presents the total number
of VLT/SINFONI data-cubes available for individual objects, with the number in parentheses being the number of epochs on which these data
were obtained (‘> denotes that, respectively, 1, 2, or 3 epochs of spectroscopy were not employed due to low S/N). Column 9 provides a spectral
classification where spectra are available, while the final column provides additional notes including the presence of radio (data from Lang et al.
2005, where () denotes a radio variable source) and X-ray detections Wang et al. (2006). As described in Sect. 3, F11, F46, F51, and F99 appear to
be foreground M stars and so are excluded from this compilation; it would appear likely that other interlopers may also be present amongst those
stars without current spectral classifications.
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ID RA Dec ME127M MEROM ME1ssM Mposw  #Observations Spec. Notes
(hms) (dms) (mag) (mag) (mag) (mag) (#Epochs) class.

F47 17 45 50.754 2849 25.28 17.02 15.92 14.87 12.90 8(6) 04-51a

F48 17 45 50.623 28 4926.96 17.69 16.53 15.42 13.28 - -

F49 17 4550.128 2849 07.79 17.42 16.25 15.12 12.94 3(3) 05.5-61a

F50 17 4550.134 28 49 26.17 18.30 17.00 15.77 13.53 6(5) 04-51a

F52 17 4551.206 2849 33.31 17.64 16.41 15.24 12.94 - -

F53 17 4550.714 28 49 25.01 17.11 15.97 14.93 12.94 5(3) 04-51a

F54 17 4550.271 2849 15.81 17.93 16.63 15.42 13.02 6(6) 05.5-6 I-11I

F55 17 45 50.787 28 49 22.61 17.11 16.02 15.00 13.03 6(5) 05.5-6 111

F56 17 4550.591 2849 22.19 17.00 15.92 14.91 13.03 - -

F57 17 45 50.768 28 49 20.31 16.91 - - 13.04 - -

F58 174549968 28 49 19.60 17.83 16.57 15.37 13.05 - -

F59 174551138 2849 14.34 17.05 15.98 14.95 13.05 - -

F60 174550.799 -284922.18 17.21 16.08 15.05 13.02 6(5) 04-51a

Fo6l 17 45 50.144 28 48 59.09 17.38 16.24 15.06 13.09 - -

F62 17 4550.427 -28 49 16.61 17.04 15.99 15.00 13.04 17(14) 0O4-5 I-111

F63 17 45 50.838 2849 25.68 17.20 16.15 15.14 13.15 7(6) 04-5I-111

F64 17 4550.481 -284916.71 17.15 16.10 15.08 13.13 14(10) 04-5I-111

F65 17 4550.082 2849 21.53 17.58 16.42 15.32 13.16 1(1) 04-5I-111 Low S/N

F66 17 4550.532 -284920.42 17.07 15.99 15.00 13.11 - -

F67 174550475 2849 15.10 17.69 16.56 15.48 13.35 - -

F68 17 4550.855 2849 18.15 16.70 15.68 14.71 12.93 14(11) 05.5-6 111

F69 17 45 50.847 -28 49 20.32 17.06 15.99 14.97 13.06 4(4) 06-6.5 111

F70 17 45 50.252 28 49 23.39 17.82 16.59 15.42 13.30 - -

F71 17 4550.060 2849 16.43 18.14 16.92 15.77 13.62 - -

F72 17 4550.784 -28 49 20.27 - 16.08 15.05 13.13 - -

F73 17 45 50.679 -28 49 25.58 17.78 16.59 15.48 13.35 5(3) - Blend

F74 174550.993 28492749 17.62 16.50 15.42 13.36 5(5) 05-6.5 I-1II

F75 17 4550.825 -284911.25 18.91 17.48 16.05 13.36 - -

F76 17 4550.341 2849 17.06 17.64 16.49 15.38 13.38 - -

F77 17 4550.771 -28 49 19.83 17.30 16.26 15.23 13.25 25(10) 06-6.5 111

F78 174551939 -284924.71 17.94 16.77 15.59 13.44 - -

F79 17 4550.074 -28 49 18.11 19.20 17.72 16.23 13.46 - -

F80 17 45 50.589 2849 19.46 17.40 16.29 15.32 13.47 24(10) - Blend

F81 174550.713 2849 24.24 17.62 16.51 15.46 13.48 10(5) 06-7 1II-V

F82 17 4550.736 -28 49 19.13 17.37 16.30 15.31 13.40 29(10) 05-6 1II-V

F83 17 45 50.061  -28 49 20.67 18.00 16.81 15.69 13.53 - -

F84 1745 50.526 2849 16.28 17.58 16.49 15.61 13.54 18(10) 06-7 1II-V

F85 174550484 28 49 18.60 17.50 16.47 15.46 13.54 17(10) 07-8 1II-V

F86 174550.985 2849 33.59 17.30 16.32 15.35 13.56 - -

F87 1745 50.518 2849 16.58 17.62 16.58 15.56 13.60 19(10) 05-6 V

F88 1745 49.653 -284917.23 19.10 17.66 16.22 13.62 - -

F89 174550.955 -284917.15 17.33 16.33 15.39 13.65 11(10) 06-7V

Fo0 17 45 50.570 -28 49 32.97 18.30 17.09 15.94 13.68 5(5) 05-6V Bry infilled

Fo1 174549978 -28 49 17.52 18.43 17.19 16.03 13.69 - -

F92 17 45 50.518 28 49 21.45 17.59 16.50 15.44 13.48 12(5) 05-6 V Bry infilled

F93 17 4550.376 28 49 22.78 18.14 17.04 15.99 13.81 10(8) 05-6III-V  Bry infilled

Fo4 17 45 50.657 -28 49 28.03 18.74 17.50 16.33 14.14 - -

F95 17 45 50.578 28 49 22.00 17.80 16.71 15.69 13.71 - -

F96 17 4550.724 2849 19.73 17.36 16.35 15.37 13.54 29(10) 05-6 III

F97 17 45 51.385 -28 49 16.57 17.83 16.72 15.67 13.73 - -

F98 17 4551.153 2849 37.06 18.08 16.93 15.87 13.75 - -

F100 174551.061 -2849 17.61 17.57 16.55 15.59 13.77 - -

F101 174550914 2849 18.37 17.55 16.53 15.58 13.78 14(11) 06-8 V

F102 174550.876 28 49 28.80 18.24 17.07 15.93 13.78 4(4) 05-8V

F103 174549.679 2849 22.58 20.16 18.68 17.17 14.53 - -

F104 17 4550.577 2849 43.77 18.09 16.96 15.85 13.79 - -

F105 174550.596 -28 49 39.60 19.13 17.75 16.37 13.81 - -

F106 174549.886 —28 49 23.23 - - - 13.82 - -

F107 174549.872 -28 49 30.99 18.01 16.89 15.77 13.87 - -

A65, page 18 of 34



Table A.1. continued.

J. S. Clark et al.: The Arches cluster revisited. 1.

1D RA Dec ME127M MFE139M MEIssM Mrosw  #ODbservations Spec. Notes
(hms) (d ms) (mag) (mag) (mag) (mag) (#Epochs) class.

F108 174550.809 2849 10.93 18.12 17.00 15.94 13.89 - -

F109 174550.520 -284920.70 18.00 16.91 15.86 13.91 - -

F110 17 45 50.574 -28 49 16.35 18.00 16.93 15.90 13.93 18(10) >08 'V

F111 17 4550.309 2849 03.86 18.45 17.25 16.13 13.94 - -

F112 17 45 50.507 -28 49 16.36 17.86 16.80 15.81 13.87 14(10) 06-8V

F113 17 45 50.017 -28 49 17.47 18.67 17.42 16.22 13.97 - -

F114  174550.804 2849 19.07 17.95 16.90 15.90 13.99 22(10) 06-8V

F115 174550437 2849 20.04 17.99 16.91 15.83 13.83 15(10) 05-6 V

F116 17 45 50.537 2849 06.28 18.77 17.68 16.63 14.01 - -

F117 17 45 50.755 -28 49 19.44 18.05 16.99 15.97 14.06 25(10) 06-8V

F118 174550453 28492597 18.66 17.44 16.28 14.08 4(2) >08V  Low S/N

F119 17 4550.842 2849 22.75 18.18 17.09 16.06 14.06 6(5) >08V  Low S/N

F120 174550.692  -28 4929.96 18.75 17.52 16.34 14.09 - -

F121 17 4550.204  -28 49 19.64 18.53 17.35 16.24 14.09 5(5) >08V  Low S/N

F122 17 45 50.358 -28 49 17.28 18.17 17.09 16.05 14.09 - -

F123  174550.685 -284922.35 - - - 14.11 - -

F124 17 45 50.718 -28 49 17.26 18.48 17.42 16.38 14.11 - -

F125 17 4551.488 -28 49 21.75 19.57 18.12 16.69 14.15 - -

F126  174550.930 -28 49 03.63 17.93 16.93 15.98 14.16 - -

F127 17 45 51.184 -28 49 31.52 19.45 18.05 16.67 14.16 - -

F128 17 45 51.216 -28 49 36.53 18.51 17.37 16.28 14.18 - -

F129 174549.529 2849 12.72 19.73 18.27 16.82 14.20 - -

F130 17 45 50.605 -28 49 27.50 18.80 17.58 16.40 14.21 - -

F131 17 45 50.163 -28 49 27.46 19.11 17.80 16.55 14.23 1(1) >08V  Low S/N

F132 174550.796  -28 49 02.68 18.47 17.34 16.28 14.27 - -

F133  174550.771 -28 49 14.97 18.24 17.19 16.19 14.27 - -

F134 174550499 2849 36.54 19.21 17.93 16.75 14.28 - -

F135 17 45 50.363 -2849 25.73 18.83 17.61 16.43 14.29 2(2) >08V Low S/N

F136 17 45 50.077 -28 49 27.84 19.59 18.18 16.83 14.30 5(5) 06-8V

F137 17 45 51.486 -28 49 21.26 19.94 18.45 16.93 14.32 - -

F138 17 4550.212 -28 49 39.21 19.64 18.24 16.90 14.35 - -

F139 17 45 51.207 -28 49 23.41 18.59 17.48 16.33 14.36 1(1) - Low S/N

F140 174550.564 2849 18.48 18.44 17.38 16.34 14.38 - -

F141 17 45 48.827 -28 49 18.81 20.08 18.57 17.06 14.39 - -

F142 174550.689  -28 49 24.93 18.63 17.50 16.43 13.41 - -

F143 17 45 50.716 -28 49 17.24 - - - 14.43 - -

F144 17 45 51.526 -28 49 20.58 19.33 18.05 16.79 14.43 - -

F145 17 45 51.445 -28 49 20.07 18.45 17.41 16.38 14.44 - -

F146 17 45 49.867 -28 49 14.90 18.88 17.70 16.57 14.45 - -

F147 17 45 51.354 -28 49 20.00 18.60 17.52 16.47 14.46 - -

F148 17 45 51.785 -28 49 28.42 18.69 17.55 16.53 14.47 - -

F149 174550.682 —28 49 01.56 19.49 18.20 16.86 14.47 - -

F150 174550.456 2849 19.64 18.50 17.38 16.34 14.31 18(9) - Featureless?

F151 17 4550.829  -28 49 27.63 18.92 17.75 16.62 14.48 5(5) - Featureless

F152 174550.695 -28 49 36.56 19.21 17.96 16.77 14.48 - -

F153 174550.360  -28 49 20.00 19.15 17.92 16.74 14.51 8(6) >08V  Low S/N

F154 174549.992 2849 33.20 19.45 18.15 16.89 14.52 - -

F155 17 4550.422 -2849 19.13 18.65 17.57 16.53 14.52 13(9) 06-8V

F156 174550.642 2849 02.15 19.31 18.04 16.76 14.54 - -

F157 17 45 50.220 -28 49 24.18 19.11 17.89 16.71 14.55 10(10) >08V  Low S/N

F158 17 45 51.096 -28 49 21.99 19.09 17.91 16.80 14.56 - -

F159 174550.882 2849 15.69 19.63 18.49 17.32 14.57 1(1) - Low S/N

F160 174550.500 -28 49 15.81 18.61 17.55 16.55 14.59 - -

Fl161 17 4550.895  —28 49 40.68 19.75 18.43 17.06 14.59 - -

F162 17 45 50.820 -28 49 39.10 18.85 17.69 16.56 14.59 - -

F163 174550436 -284923.40 19.84 - - 14.60 - -

F164 174550.862 2849 08.47 18.60 17.54 16.54 14.61 - -

F165 17 45 51.160 -28 49 15.36 18.60 17.50 16.52 14.65 - -

F166 17 45 50.675 -28 49 19.57 18.62 17.57 16.52 14.69 23(9) - Blend
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ID RA Dec mME127M MERoM MrEIssMm Mposw  #ODbservations Spec. Notes
(hms) (dms) (mag) (mag) (mag) (mag) (#Epochs) class.

F167 1745 50.733 2849 17.73 18.24 17.22 16.29 14.42 - -

F168 174550.495 -284930.21 19.47 18.21 17.00 14.70 1(1) - Low S/N

F169 174550377 -284920.26 19.13 17.91 16.84 14.72 - -

F170  174550.704 -28 49 20.96 18.74 17.67 16.63 14.74 12(5) - Blend

F171 174549.275 2849 12.13 19.19 18.00 16.86 14.76 - -

F172  174550.232 2849 17.52 19.05 17.90 16.84 14.76 4(4) >08V Low S/N

F173 17 4550.204 2849 20.24 19.10 17.93 16.83 14.80 1(1) - Low S/N

F174 17 4550.745 28 49 28.20 19.26 18.09 16.95 14.81 3(3) - Low S/N

F175 174550463 -284903.29 19.72 18.44 17.18 14.82 - -

F176 ~ 174550.283 2849 23.85 19.25 18.05 16.94 14.83 3(3) - Featureless

F177  174550.604 2849 16.87 18.94 17.85 16.81 14.83 12(8) >08V LowS/N

F178 17 45 50.824 2849 06.95 20.09 18.72 17.32 14.85 - -

F179 17 4551.356 2849 21.37 19.53 18.30 17.08 14.85 - -

F180 174550.284 -28 48 59.64 19.72 18.43 17.15 14.89 - -

F181 17 45 50.567 2849 07.70 18.84 17.79 16.79 14.90 - -

F182  174550.586 -28 4922091 19.00 17.85 16.76 14.70 - -

F183  174549.872 -284942.31 20.25 18.83 17.39 14.93 - -

F184  174550.008 -284929.43 20.15 18.75 17.40 14.94 3(3) - Low S/N

F185 174550.282 2849 27.56 19.65 18.40 17.18 14.95 2(2) >08V Low S/N

F186  174550.001 -2849 28.24 20.43 19.01 17.61 14.95 6(6) >08V Low S/N

F187 174550.542 2849 23.30 19.22 18.10 17.05 14.96 - -

F188 174550.936 2849 21.80 19.02 17.93 16.91 14.97 2(2) >08V Low S/N

F189 174550.595 -284923.52 18.91 17.79 16.69 14.77 3(3) - Featureless

F190 174549.759 2849 19.76 19.44 18.25 17.14 14.99 - -

F191 17 45 51.140 -28 49 18.17 18.83 17.79 16.84 15.00 - -

F192 174550.048 -2849 04.94 19.70 18.43 17.16 15.00 - -

F193 174550.383 -284909.56 19.08 17.98 16.93 15.00 - -

F194 174550531 -2849 0793 20.41 19.00 17.62 15.01 - -

F195 174550.530 -284915.30 19.11 18.00 17.01 15.03 - -

F196 174550463 -284907.74 19.55 18.35 17.18 15.03 - -
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Fig. A.1. Montage of the spectra of all Arches cluster members extracted in this study. We note that spectra corresponding to late spectral type

interlopers have been excluded. Black lines correspont to unmodified spectra, red lines reflect spectra that have been manually corrected for spurious
features.
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Fig. A.2. Following Fig. 9, synthetic model-atmosphere spectra for the WNLh stars F7, F8, and F9, computed for two differing assumed interstellar

reddening laws, illustrating the dramatic dependence of bolometric luminosity on this choice. Photometry employed from Table 1, Fi02, and
Dong et al. (2011).
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