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ABSTRACT

We present high-angular-resolution radio observations of the Arches cluster in the Galactic centre, one of the most massive young
clusters in the Milky Way. The data were acquired in two epochs and at 6 and 10 GHz with the Karl G. Jansky Very Large Array. The
rms noise reached is three to four times better than during previous observations and we have almost doubled the number of known
radio stars in the cluster. Nine of them have spectral indices consistent with thermal emission from ionised stellar winds, one is a
confirmed colliding wind binary, and two sources are ambiguous cases. Regarding variability, the radio emission appears to be stable
on timescales of a few to ten years. Finally, we show that the number of radio stars can be used as a tool for constraining the age

and/or mass of a cluster and also its mass function.

Key words. Galaxy: center — open clusters and associations: individual: Arches — radio continuum: stars — stars: massive —

stars: mass-loss — radiation mechanisms: thermal

1. Introduction

Massive stars are of fundamental importance to understanding
star formation and galaxy evolution because of their key role in
stirring and enriching the interstellar medium through intense
ionising radiation, stellar winds, and supernovae. A striking fea-
ture of massive stars is their high fraction of multiplicity (~91%,
Sana et al. 2014), which must therefore be taken into account
when studying their evolution and the heavy end of the initial
mass function. Considering that the wind properties of massive
stars are still poorly observationally constrained (see Benaglia
2010), radio observations can provide further information about
the wind properties and multiplicity of the most massive stars.
As concerns the properties of radio stars, for isolated stars we
expect a spectral index of @ = 0.6 (flux density §, o« V%) aris-
ing from the thermal emission of the ionised wind, while binaries
can show flat to inverted spectra (¢ < 0) which result from the
contribution of non-thermal emission in colliding wind regions,
provided this emission is not absorbed by the surrounding ionised
wind, which is optically thick (Benaglia 2010; Montes et al.
2015). Therefore, identifying binaries through radio observations
is typically limited to the detection of wide binaries with periods
of one year or longer (Sanchez-Bermudez et al. 2019). In the case
of short-period (P ~< 1 yr) colliding wind binaries (CWBs), the

* A copy of the cleaned images is only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/647/A110
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stars are too close and the wind-wind collision region (WCR) is
likely to lie within the optically thick region of the winds. There-
fore, in these systems, only the free-free thermal emission from
the unshocked winds is thought to be detected, thereby mask-
ing any effect of their binarity. However, for some short-period
systems, the non-thermal emission escapes the absorption, con-
tributing to a composite spectrum with a flat spectral index at cer-
tain orbital phases in systems with significant eccentricity. On the
other hand, theoretical studies suggest that the free-free thermal
emission from the WCR may also affect the total radio spectrum,
a phenomenon that becomes more important as the stars get very
close, increasing the spectral index to values steeper than the nom-
inal ionised wind at millimeter wavelengths (Montes et al. 2015).

Past radio observations of massive stars lacked the sensitiv-
ity to reach beyond at most a few kiloparsecs. Because of the
rareness and large mean distances of massive stars and clusters,
researchers could were therefore only able to study a limited
sample of such targets (Lang et al. 2001, 2005; Benaglia 2010;
Yusef-Zadeh et al. 2015).

The Galactic centre (GC) region occupies less than 1% of
the volume of the Milky Way disc, but emits on the order
10% of its total Lyman continuum flux, which is produced
by a high number of massive, hot stars (e.g. Figer et al. 2004,
Mauerhan et al. 2010; Dong et al. 2011). The Arches, Quintu-
plet, and the Central Parsec massive young clusters lie within
30pc in projection of the central black hole Sagittarius A*
(Sgr A*) and each contain > 10* M, of stars that formed 2—6 Myr
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ago (Figer et al. 2004). Massive young stellar objects (YSOs)
and HII regions throughout the GC are further witnesses to
recent or currently ongoing massive star formation (SF) through-
out the GC (e.g. Yusef-Zadeh et al. 2009; Mauerhan et al. 2010;
Nandakumar et al. 2018; Shahzamanian et al. 2019). In sum-
mary, the GC is the Milky Way’s most important star forming
region. The conditions in the GC resemble those in high-redshift
starburst galaxies (Kruijssen & Longmore 2013). Thus, the GC
is of special importance for studies of massive star formation.

However, there are some unique observational challenges for
studying the stellar population of the GC. Interstellar extinction
is extremely high (Ay > 30 mag) and also variable on arcsecond
scales (e.g. Scoville et al. 2003; Schodel et al. 2010; Fritz et al.
2011; Nogueras-Lara et al. 2018, 2019b, 2020). Therefore, even
in the near-infrared (Ax = 2.5 mag), stellar colours are dom-
inated by reddening. Finally, sub-arcsecond angular resolution
(at least as good as about 0.2”) is needed to overcome the high
source crowding and to reliably study individual stars, which
requires the use of the Hubble Space Telescope, or speckle or
adaptive optics techniques from the ground.

In this work, we focus on the Arches cluster that is located
at a projected distance of ~26pc to the northeast of Sgr A*
(11, angular distance). It contains a few x10* M, with more
than 100 O-stars and thus belongs to a small handful of young,
massive starburst-like clusters known in the Milky Way (in
addition to, e.g. NGC 3603, Quintuplet, or Westerlund 1 and
2). The cluster was formed between 2 and 4 Myr ago (e.g.
Figer et al. 1999a,b; Najarro et al. 2004; Clarkson et al. 2012;
Clark et al. 2018, 2019) and has a half-light radius of r, =
0.48 pc (Hosek et al. 2015).

Clark et al. (2018, 2019) recently provided the spectral clas-
sifications for 88 Arches cluster members based on a new multi-
epoch near-infrared (NIR) spectroscopic survey of the cluster
obtained with the integral field spectrograph SINFONI mounted
on the Very Large Telescope (VLT) and photometry from the
Hubble Space Telescope Wide Field Camera 3 (HST/WFC3),
increasing the number of cluster members found by previous
studies from Martins et al. (2008) by a factor of about three.

Lang etal. (2005) carried out a multi-frequency, multi-
configuration, and multi-epoch study of the Arches cluster with
the Very Large Array (VLA), reaching 1o flux uncertainties of
~30uJy at 8.5 GHz. They detected ten compact sources in the
Arches cluster that could all be associated with massive, young
stars detected in the NIR. All but the brightest of these sources
(AR1) were unresolved and their spectral indices were consis-
tent with stellar wind sources, which were used to estimate their
mass-loss rates. Roughly half of the sources showed indications
of moderate variability in their work.

In the present study, we revisited the Arches cluster aiming to
pick up the thermal and non-thermal emission from the ionised
gas in the outer wind regions of young, massive stars. We took
advantage of the significantly increased sensitivity of the Karl G.
Jansky Very Large Array (JVLA), thanks to the increase of the
bandwidth and the implementation of a new correlator since the
previous observations. Additionally, recent spectroscopic work
in the NIR (Clark et al. 2018, 2019) provided us with reliable
constraints on the properties of the stars.

2. Observations and imaging

We observed the radio continuum emission from the Arches
cluster using the JVLA of the National Radio Astronomy Obser-
vatory (NRAO)I. The position «a, 5(]2000) = 17h45m50'49s’

! The NRAO is a facility of the National Science Foundation (NSF)
operated under cooperative agreement by Associated Universities, Inc.
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Table 1. Observational properties.

Observation Band @ JVLA On source time
date configuration (minutes)
Oct. 04, 2016 X A 55

Oct. 26, 2016 X A 55

Apr. 11,2018 X A 55

Jun. 10, 2018 C A 74

Notes. “Frequency range of 4-8 GHz for C-band and 8-12 GHz for
X-band. Therefore, the total bandwidth was 4 GHz on each band. The
number of spectral windows was 32 and the number of channels 64 in
both cases.

—28°4919.92” was taken as phase centre. There are three
epochs of X-band (3.0cm or a representative frequency of
10GHz) and one of C-band (5.0cm or 6 GHz) observations.
Details are listed in Table 1. All the observations in all epochs
were taken in the A configuration to achieve the highest angular
resolution. This configuration also helped us to filter out part of
the extended emission from the Arched Filaments (G0.10+0.08),
a very extended HII region in which the Arches cluster is
embedded.

At all frequencies, J1744-3116 was used as a phase cal-
ibrator and J1331+305 (3C286) as a band-pass and flux den-
sity calibrator. For C- and X-bands, we required a sensitivity of
3.0 uJy beam™!. Raw data were processed automatically through
the JVLA calibration pipeline performing an initial flagging and
calibration. Extra flagging was necessary to remove the lost or
corrupted data. We performed standard data reduction using the
Common Astronomy Software Applications package (CASA)
developed by an international consortium of scientists>.

Images were created with CASA using the classical task
CLEAN in interactive mode. We also tested a more advanced form
of imaging, MULTI-SCALE CLEAN, to distinguish between the
point sources and the extended emission. MULTI-SCALE CLEAN
involves the use of multiple scales by means of an extension
of the classical CLEAN algorithm assuming the sky is com-
posed of emission at different angular scales. Its use did not
improve the quality of the image. We also probed various other
options for the task CLEAN including wide-field, multi-term,
multi-frequency synthesis and with w-projection without result-
ing in any significant improvements. Additionally, we checked
different weighting schemes to correct for visibility sampling
effects. Natural weighting produced an optimum image with
the lowest noise (highest signal-to-noise ratio (S/N)). The gain
parameter, which sets the fraction of the flux density in the resid-
ual image that is removed and placed into the clean model at each
minor cycle iteration, was set to 0.05 to help when cleaning our
image with diffuse emission. Visibility data sets from 2016 were
cleaned in two ways, separately and concatenated. In the first
case, self-calibration could not be applied, possibly because this
method requires sufficient S/N at each solution interval. In the
second case (2016 data sets concatenated), self-calibration was
applied just in phase, just in amplitude, and in phase and ampli-
tude simultaneously. The best image was a result of applying

2 Scientists based at the National Radio Astronomical Observatory
(NRAO), the European Southern Observatory (ESO), the National
Astronomical Observatory of Japan (NAOJ), the Academia Sinica Insti-
tute of Astronomy and Astrophysics (ASIAA), the CSIRO division for
Astronomy and Space Science (CASS), and the Netherlands Institute
for Radio Astronomy (ASTRON) under the guidance of NRAO.
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Fig. 1. JHKSs false colour image of the Arches cluster from the GALACTICNUCLEUS survey (Nogueras-Lara et al. 2018, 2019a).

Table 2. Properties of the images.

Epoch Band Frequency » Synthesised beam PA®  rmsnoise ©  (u,v) cut-off Largest angular scale )
(GHz) (arcsec x arcsec)  (degrees) (uJybeam™!) (k) (arcsec)

2016 X 10.0 0.48 < 0.18 20.84 2.5 150 5.3

2018 X 10.0 0.46 x 0.17 -17.33 4.0 150 5.3

2018 C 6.0 0.62 x 0.28 2.82 4.7 100 8.9

Notes. @Representative frequency, in gigahertz. ®The position angle (PA) of the fitted major axis for the synthesised beam, in degrees. ’Off-
source root mean square noise level reached. ”Scale at which severe attenuation of large-scale structure occurs (in arcseconds).

one cycle of phase self-calibration to correct for antenna-based
phase errors selecting interactively the brightest compact sources
as input model, as well as amplitude self-calibration (the latter
with no changes in the flux density of the compact sources).
The off-source root mean square (rms) noise level reached in
the final image with this procedure was 2.5 uJy beam™'. Self-
calibration could not be applied to the 2018 single data sets
either. The off-source thermal noise reached in this epoch was
4.0 and 4.7 uJybeam™! for X- and C-bands, respectively. All
the final images were primary beam corrected to account for
the change in sensitivity across the primary beam. Table 2 sum-
marises the properties of the final images.

As the cluster is located in an extended HII region and the
primary beam sizes at 5 and 3 cm were relatively large (approx-

imately 5’ and 8’, respectively), a spatial frequency cut-off was
also required in order to resolve the diffuse emission and detect
the compact sources with high S/N. Considering that the field
of view (FoV) is of the order of 6(PB) = 42 vahz in arcmin-
utes (i.e. 8.4 and 4.2 arcmin at C- and X- bands respectively), the
Central Parsec Cluster and Sgr A* are not within the FoV at any
frequency. Thus, no flux from Sgr A* is bleeding into the tar-
get fields. Nevertheless, we verified via large FoV imaging that
Quintuplet was within the FoV for both epochs but does not con-
tribute significantly to the flux density. Therefore, we are certain
that no flux from nearby bright regions leaked into the FoV of
our reconstructed images. Table 2 also lists the cut-offs made to
the data in the (u, v) plane and the scale at which severe attenua-
tion of large-scale structure occurs.
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3. Results
3.1. Point source detection and calibration

The positions and flux densities of the detected radio sources
were taken from the final primary-beam-corrected images using
the CASA-IMFIT task which fits elliptical 2D Gaussians to inter-
actively selected polygon regions around source candidates. The
task provided us with estimations of the positions of the max-
ima, the total flux densities, and the errors of these values taking
the quality of the fit and the image rms into account. Uncertain-
ties in positions were calculated by adding in quadrature a sys-
tematic error of 0.05” (Dzib et al. 2017) to the formal error of
the fit, 0.56/SNR (Reid et al. 1988), where 6 is the beam size
and SNR the S/N. The systematic error accounts for the ther-
mal noise and uncertainties introduced by the phase calibration
process. In the determination of the flux-density uncertainties,
we also considered the percentage in the calibration error of the
peak flux densities at the frequencies observed (Perley & Butler
2013) and a factor that takes into account whether a source is
resolved or unresolved. With these premises, 18 and 15 sources
were detected above five times the off-source rms noise level at
10 GHz and 6 GHz, respectively.

The 2016 X-band image has the highest S/N of all images
and provides the most complete list of point sources. The pres-
ence of ionised gas in clouds of variable compactness, as well
as artefacts introduced by the brightest radio sources into the
images, can give rise to point sources that are either spurious
or related to features within the extended emission. We there-
fore compared the positions of the radio point sources detected
in the 2016 X-band image with the positions of stars in an
HST/WFC3 F153M image of the Arches cluster (Hosek et al.
2015) and eliminated all radio sources that did not show unam-
biguous coincidence (within less than half of the NIR and radio
beam FWHMs). The radio stars are labelled in the NIR image of
the Arches cluster shown in Fig. 2. Point sources were selected
interactively in the 2016 radio image, restricting ourselves to
those at 5o above the off-source rms noise level. Within the
approximately 2.1’ x 2.3” WFC3 image there are 18 of a total
of 23 50 radio detections that clearly coincide with stars. With
the 2018 data, we only detected the radio stars with the 50 crite-
rion (almost all the stellar point sources identified in 2016) and
no spurious sources.

Figure 3 shows a closeup onto the 2016 X-band image and
a closeup onto the 2018 C-band image of the Arches cluster
with all radio stars labelled. Sources AR1-10 were reported by
Lang et al. (2005). Sources with higher numbers are our new
detections.

When comparing the flux densities from our 2016 and 2018
X-band images, we noted an offset of a factor of about two
between the epochs. As the observations by Lang et al. (2005)
were done at 8.5 GHz, very close in frequency to our 10 GHz
observations, we can compare our measurements with theirs to
infer the systematic errors. Table 3 lists the measured flux densi-
ties for the point sources in the X-band image of the 2018 epoch
along with the 8.5 GHz fluxes of Lang et al. (2005), where avail-
able. We should mention that this factor of about two between
our 2016 and 2018 epochs is not due to a problem in the abso-
lute flux density calibration of the observations, because the flux
density for the amplitude calibrator is the same for both epochs.
We can also discard that it is related with the self-calibration
procedure, because it does not change the flux density of the
compact sources. We performed several tests, obtaining images
with and without self-calibration, and concatenating or treating
the 2016 data sets separately, but the results were the same. We
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also used different options for the CLEAN algorithm, including
wide-field clean, or multi-term multi-frequency synthesis with
identical finding. We could not identify the cause of this sys-
tematic error in our data reduction, but performed a secondary
calibration as follows.

First, we noted that the 2018 X-band fluxes of the radio
stars AR1, AR2, AR4, AR6, AR7, and ARS8 (see fifth column
in Table 3) agreed well within their 1o uncertainties with the
8.5 GHz flux densities (fourth column) reported by Lang et al.
(2005), assuming typical values for the spectral index, which
indicated that the flux calibration of the 2018 image was the cor-
rect one. Subsequently we determined a secondary flux calibra-
tion factor for the 2016 X-band data by computing the weighted
mean of the flux ratios of the previously mentioned sources
between the two epochs. It was 1.8 + 0.1. We cross checked this
calibration factor in two ways: On the one hand, we followed the
previous procedure, but excluded all sources labelled as variable
by Lang et al. (2005). With the remaining sources, AR2, ARG,
and AR7, we obtained a mean flux ratio of 1.95 + 0.17. On the
other hand, we computed the weighted mean of the flux ratios
of all stars detected in the 2016 and 2018 X-band images, except
AR9, AR13, and AR15, which proved to be significant outliers.
We found a calibration factor of 1.8+0.1. After these consistency
checks we applied a correction factor of 1.8 + 0.1 to the 2016 X-
band data. The re-calibrated 2016 flux densities are listed in the
last column of Table 3.

3.2. Flux densities and spectral indices

The X- and C-band flux densities for all radio stars measured
in our 2016 and 2018 data are listed in Table 4 (after secondary
calibration of the 2016 X-band data, see above; the uncertainty
of the calibration factor was included in the uncertainty of the
reported flux densities).

The spectral index, @, can be determined assuming that S, o
v®, where v is the observing frequency and S, the measured flux
density. We find @ =~ 0.6 for an isotropic and homogeneous wind
with a constant terminal velocity, electron density, and chemical
composition.

We inferred the spectral indices of the observed radio sources
from their observed X- and C-band flux densities in 2018 using
the expression

0g(S /S )
- Sn) 1
log(ve /7x) )

and the corresponding uncertainties were derived from standard
error propagation as

1 (G'SVX)2 (O’SVC)Z

a = X + >
]0g (VC/VX) SVX Svc

where terms preceded by o refer to the standard deviation. The

computed spectral indices and their uncertainties are listed in the
second to last column of Table 4.

@

3.3. Mass-loss rates

Most methods to estimate the mass-loss rate (in ultraviolet, opti-
cal, or infrared regimes) suffer from the uncertainty that the
derived rates depend on non-observable parameters. Neverthe-
less, observations of radio continuum radiation yield mass-loss
rates based only on observable quantities: the radio flux density,
the terminal velocity of the stellar wind, and the distance to the
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star. According to Panagia & Felli (1975) and Wright & Barlow
(1975), the mass-loss rates in solar masses per year can be writ-

ten as

M P 3/2
[iyer] =530 ] T )
Mg yr-! mly kms~! Il kpc

—12r 2 1172
Jiwl 17l ®
Hz Zygy

where S, is the flux density in milli-Janskys, v is the terminal
velocity of the stellar wind in kilometers per second, v is the
observed frequency in Hertz, and d is the distance to the observer
in kiloparsecs (~8 kpc in our case). The parameters y, Z, and y
are the mean molecular weight, the mean ionic charge, and the
mean number of electrons per ion. We adopted the values of v,
from Table 2 by Martins et al. (2008) and from their He/H values
we have calculated y using the approximation

_ XN,
Zjnj
where n; is the number density of atoms of type j, and A; is
the mass number. We only considered H and He, neglecting any

other metals in the winds, and so the expression can be simplified
as

_ 1 +4-He/H
" 1 +He/H

“

&)

where He/H is the ratio of H to He given in Table 2 by
Martins et al. (2008). We note that AR6, AR11, AR17, and

-20 -30 Fig. 2. HST/WFC3 F153M image of the

Arches cluster with identified radio stars
labelled.

ARI18 are not included in Table 2 by Martins et al. (2008), and
so we adopted values of stars of similar type. Z and y are param-
eters that depend on the ionisation conditions in the wind, which
leads to Z = y = 1 in a radio-emitting region of WR stars (see
Leitherer et al. 1997).

The free-free Gaunt factor, g,, can be obtained by means of
the expression

using the approximation by Leitherer & Robert (1991), where T
is the electron temperature of the wind in kelvins. We assumed
T. = 10*K (deviations from this temperature had only minor
effects on g,).

We now know the distance of Sgr A* to <0.5%. As concerns
the line-of-sight distance of Arches with respect to Sgr A*, we
can assume that it is located within the circum molecular zone,
that is r <= 200 pc. Therefore, assuming a 200 pc uncertainty
on the distance of Sgr A* and a 200 pc uncertainty of Arches
relative to Sgr A*, we get a relative uncertainty of 0.4%. This
uncertainty is systematic in the sense that it affects all sources
in Arches in the same way. The distribution of sources within
Arches is irrelevant because we are dealing with at most a few
parsecs difference. Hence, the uncertainty of d can be neglected.
For the remaining parameters, we estimated the uncertainties
using the same criteria as in Leitherer et al. (1997). A 10% for
Voo, and also a 10% for the free-free Gaunt factor. The assumed
uncertainties for Z, y, and p are +£0.08 dex. Therefore, according
to the standard error propagation and defining k = 5.34 x 1074,
the uncertainties were obtained from

3/2

T
g, =9.77- (1 +0.13 - log ==
VAY

(6)
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Fig. 3. Top: closeup onto the Arches cluster from
the 2016 X-band image not corrected for primary
beam attenuation. The clean beam is 0.48” x0.18”,
PA =20.84°. The off-source rms noise level is
2.5 uly beam™'. The contour levels represent —1,
1, 3, 5, 10, 15, 25, 35, 45, 55, and 60 times the
off-source rms noise level multiplied by 5. Bottom:
closeup onto the Arches cluster showing most of
the detected sources from the 2018 C-band image
not corrected for primary beam attenuation. The
resolution is 0.62” x 0.28”, PA =2.82°. The off-
source rms noise level is 4.7 uJy beam™'. The con-
tour levels represent 3, 5, 10, 15, 25, 35, 45, 55 and
60 times the off-source rms noise level multiplied
by 3.

where terms preceded by o also refer to the standard deviation,
and we obtained a typical error of the order of 107 on log M.
With these premises, we derived mass-loss rates correspond-
ingto the observed flux densities at 6 and 10 GHz assuming that the
observed radio emission is due to free-free emission from ionised
extended envelopes with a steady and completely ionised wind,
with a volume filling factor of f = 1, and an electron density
profile of n, o r~2. In the case of non-thermal contributions,
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Table 3. Detected point sources in the two X-band epochs and their flux density comparison to point sources at 8.5 GHz reported by Lang et al.

(2005).
Source RA @ Dec @ S8.5GH: Sx2018 SX, 2016,re-calibrated
(J2000.0) (J2000.0) (mJy) (mJy) (mJy)

ARI 17455042 +0.05 -284921.95+0.05 190+005® 2.1+0.3 22405
AR2 17455039 + 0.05 —284920.93 +0.05 0.25+0.03 0.24 +0.04 0.23 + 0.05
AR3 17455021 +£0.05 -28492191+0.05 0.12+0.03® 0.18 +0.03 0.17 + 0.03
AR4 17455047 +£0.05 -284919.19+0.05 0.34+0.03® 0.38 +0.06 0.37 +0.08
AR5 17455057 £0.05 -284917.23+0.05 0.16 +0.03 0.21 £ 0.03 0.24 + 0.05
ARG 17454976 + 0.05 —284925.62 +0.05 0.25+0.03 0.28 + 0.04 0.22 + 0.04
AR7 174550.83 £ 0.05 —284926.05+0.05 0.23 +0.03 0.24 + 0.04 0.25 + 0.05
ARS8 17455045 +0.05 -284931.56+0.05 0.16+0.03® 0.20+0.03 0.22 + 0.05
AR9 17455047 +£0.05 -284917.55+0.06 0.15+0.04 0.22 £ 0.03 0.06 = 0.01
AR10  174549.69 £ 0.05 —284925.45+0.05 0.06+0.03 0.14 + 0.02 0.16 + 0.03
AR11 17455146 £0.05 —284925.40 + 0.05 0.08 £ 0.01 0.06 + 0.01
AR12  174550.68 £ 0.05 —284922.25 +0.06 0.07 £ 0.01 0.07 + 0.02
ARI13 17455055 £0.05 —-284923.18 +0.05 0.16 £ 0.03 0.23 + 0.05
AR14 17455028 £0.05 —2849 16.90 + 0.05 0.05 £ 0.01 0.09 + 0.02
AR15 17455026 £0.05 —2849 11.40 + 0.05 0.10 £ 0.02 0.27 + 0.06
AR16  174550.53 £0.05 —284920.26 + 0.07 0.04 + 0.01
AR17  174548.60 £ 0.05 —284942.27 +0.05 0.22 +0.03 0.23 + 0.05
ARI18 17454856 £0.05 —285005.65 + 0.05 0.17 £ 0.03 0.18 + 0.04

Notes. @Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Errors are in
seconds and in arcseconds, respectively. ¢’ Variable radio source according to Lang et al. (2005).

our values, shown in Table 5, represent upper limits to the true
mass-loss rates.

Table5 also shows the estimations done by Lang et al.
from their 8.5 GHz observations (Lang et al. 2001) and their
22.5 GHz observations (Lang et al. 2005), and the estimations
done by Martins et al. (2008). Lang et al. assumed a terminal
velocity of the wind of 1000kms~! for all sources, and Mar-
tins et al. adopted a volume filling factor of 0.1. Therefore, in
order to compare our data with their data, we re-scaled Lang’s
values multiplying them by v.,/1000, where v, are the values
adopted in this paper, and we multiplied Martins’ mass-loss rates
by 1/v0.1 (see Abbott et al. 1981) considering the clumpling
factor.

4. Discussion and conclusions
4.1. Properties of the sources

All detected sources are young, massive stars that have evolved
off the main sequence, with the great majority identified as
Wolf-Rayet stars of type WNh (see Table 4), a classification that
Figer et al. (1999b, 2002) and recently Clark et al. (2018) have
assigned to most of the Arches cluster members.

Even though the uncertainties on the inferred spectral indices
are relatively high, we can say that the stars AR2, AR3, AR4,
ARS, AR7, AR11, AR15, AR17, and AR18 have spectral indices
consistent with thermal optically thick emission from ionised
stellar winds. Small differences with respect to the canonical
value could come from changes in the ionisation fraction along
the emitting regions and/or wind structures such as clumps
and/or shocks resulting from internal instabilities. The stars
ARI1, ARG, and AR9 have flat or inverted spectral indices, which
may indicate that they are CWBs. AR10 has an inverted spec-
trum and is a confirmed CWB (see Lohr et al. 2018). Ambigu-
ous cases are the stars AR8 and AR14. No measurements of &

are available for the stars AR12, AR13, and AR16 because they
are only detected in a single band.

AR1 and AR4 are associated with X-ray sources, where
the emission is suggested to arise in shocks in their winds
(Lang et al. 2005; Law & Yusef-Zadeh 2004). Such shocks may
arise in CWBs. The flat radio spectrum of ARI1 (this work and
Lang et al. 2005) supports this interpretation, but the close-to-
thermal spectrum of AR4 (this work and Lang et al. 2005) does
not provide any evidence for a CWB. Possibly, AR4 is a binary
that is too tight to be identified as such by radio observations,
as explained in the introduction. We find no significant variabil-
ity of AR1 and AR4, as could be expected for highly eccentric
CWBs observed at significantly different phases of their orbits.
The nature of the X-ray emission in both sources requires further
investigation.

As we have two epochs with X-band measurements, we can
probe variability. AR16 is the weakest stellar source detected
by our observations. It lies near the crowded centre of the clus-
ter and close to the brightest source, AR1. Its non-detection in
2018 is therefore probably rather due to the lower quality of the
2018 data than to variability. In order to have been detectable
in the 2018 data its flux would have had to increase by a factor
of three in brightness (0.012 vs. 0.04 mJy). From the 17 sources
detected in two epochs, only AR9 and AR15 display unambigu-
ous variability with >50 significance. In particular, source AR9
is labelled as a new detection in Lang et al. (2005), as com-
pared to Lang et al. (2001). Therefore, its variability can be con-
sidered to be firmly established. We note that AR9 has a neg-
ative spectral index, and so binarity and its associated orbital
motion are possible causes for its radio variability. The X-band
fluxes of the other sources agree within 1o~ (12 sources) or 20
(3 sources). Lang et al. (2005) mark the four sources AR1, AR3,
AR4, and ARS as potentially variable. When we compare our
measurements with theirs (propagating the 10 GHz flux densities
to 8.5 GHz with the help of the measured spectral indices), we
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Table 4. JVLA flux densities of the compact sources from these observations.

Source Near-IR Positions in X band (J2000.0) ) Flux density (mJy) a  Spectral
Name @ Counterpart ) RA Dec X-band (2016)  X-band (2018)  C-band (2018) type

AR1 F6, Dong80 @ 17455042 £0.05 —284921.95 + 0.05 22+05 2.1+03 21+02 -0.0+03 WN8-9h )
AR2 F8, Dong84 174550.39 £ 0.05 —284920.93 +0.05 0.23 +0.05 0.24 +0.04 0.14 +0.02 1.1+£04 WNS8-9h )
AR3 F1, Dong85 @  174550.21 +0.05 —284921.91 +0.05 0.17 +0.03 0.18 +0.03 0.12 +0.01 0.8+04 WN8-9h ()
AR4 F7, Dong83 17455047 £0.05 —284919.19 +0.05 0.37 +0.08 0.38 +0.06 0.28 +0.03 06+04 WNS8-9h ()
AR5 F4, Dong81 17 4550.57 £ 0.05 —284917.23 + 0.05 0.24 +0.05 0.21 +0.03 0.15+0.02 0.7+04 WN7-8h ¥
ARG F19 174549.76 £ 0.05  —284925.62 + 0.05 0.22 +0.04 0.28 +0.04 0.43 +0.04 -08+03 04-5Ia)
AR7 F3, Dong82 174550.83 £0.05  —28 49 26.05 + 0.05 0.25+0.05 0.24 +0.04 0.18 +0.02 0.6+04 WN8-9h ()
ARS F5,Dongl7®@ 17455045 +0.05 —284931.56+0.05 0.22 +0.05 0.20 + 0.03 0.16 + 0.02 04+04 WN8-9h )
AR9 F18, Dong83 17 455047 £ 0.05 —2849 17.55 + 0.05 0.06 +0.01 0.22 +0.03 0.28 +0.03 -05+03 04-5Ia*
AR10 F2, Dong18 174549.69 + 0.05  —284925.45 +0.05 0.16 +0.03 0.14 +0.02 0.12 +0.01 03+03 WN8-9h
ARI11 Dong79 174551.46 +£0.05 —284925.40 = 0.06 0.06 + 0.01 0.08 + 0.01 0.047 + 0.008 1.0+£04 WN7©@
AR12 F14, Dong88 174550.68 + 0.05  —284922.25 +0.05 0.07 +0.02 0.07 +0.01 <0.025 @ >2.0 WN8-9h
AR13 F26 17 4550.55 £ 0.05 —284923.18 + 0.05 0.23 +0.05 0.16 + 0.03 <0.020 © >41 045120
AR14 F12, Dong87 174550.28 £ 0.05 —2849 16.90 + 0.05 0.09 +0.02 0.05 +0.01 0.056 £0.009 -02+05 WN7-8h
ARI5 F9, Dong86 17455026 £ 0.05 —2849 11.40 + 0.05 0.27 + 0.06 0.10 £ 0.02 0.09 + 0.01 02+04 WN8-9h N
AR16 F16 174550.53 £0.05  —284920.26 + 0.07 0.04 +0.01 <0.037 © <0.023 © >09 WN8-9h )
AR17 Dong19 1745 48.60 £ 0.05 —284942.27 + 0.05 0.23 £ 0.05 0.22 +0.03 0.15 +0.02 0.7+04 WN8-9h ©
ARI8 Dong96 17 45 48.56 + 0.05  —28 50 05.65 + 0.05 0.18 +0.04 0.17 +0.03 0.11 +0.01 09+04  Ofpe/WN9 @

Notes. ““Nomenclature for cluster members adopted by Lang et al. (2001, 2005). ’Stellar identification as listed in Clark et al. (2018) and
Dong et al. (2011). ©Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
Errors are in seconds and in arcseconds, respectively. ”Variable radio source according to Lang et al. (2005). ©’Upper limits of the undetected
sources fixed from the peak of the unresolved emission. )Spectral classification by Clark et al. (2018). Spectral classification as listed in Table 3

of Dong et al. (2011).

Table 5. Radio mass-loss rates in the C-band (2018) and in the two X-band epochs (2016/2018).

Source  He/H @ Voo @ u® Mg M6 Mao13 Mt ang 2001 M ang 2005 MMartins 2008
#) (kms ) # 6.0 GHz 10.0 GHz 10.0 GHz 85GHz  225GHz IR K-band @

AR1 0.2 1400 15 21x10* 21x10™* 20x10™* 24x10™* 3.1x10™ 7.6 %107
AR2 1.0 1000 25 32x107°  46x107° 49x107° 39x107°  46x107° 1.0x 107
AR3 0.1 1400 13 21x107°  27x107° 28x107° 45x10°  27x107 6.3 %107
AR4 0.3 1300 1.7 47x107° 59x107° 59x10° 51x10°  62x107° 7.9%107°
AR5 04 1400 19 36x107° 50x107° 46x10° 42x10°  27x107 14 %107
ARG 0.1 2400 13 92x1075 55x10° 68x10° 11x10% 72x107°

AR7 0.6 800 21 26x107° 33x107°  32x107° 34x107°  34x107 7.9x107°
ARS8 0.8 900 23 30x107° 37x107° 34x10° 32x10° 33x107° 7.3 %107
AR9 0.1 2150 13 59x107° 20x107° 51x107 4.1x%107 14 %107
ARI10 0.35 1400 1.8 29x1075 35x10° 32x107° 2.7%x107° 6.0x 107
AR11 04 1400 19 14x107° 19x107° 21x107

ARI2 0.1 1400 1.3 14x107°  13x107° 3.2x107°
ARI13 0.1 2600 1.3 63x107°  4.8x107° 6.0x 1076
AR14 0.2 1500 1.5 14x1075 21x10° 14x107 5.7%107°
AR15 0.1 1800 13 21x107° 49x107° 24x107 54x107°
AR16 0.1 1400 1.3 9.0x 107 25%107°
AR17 04 1300 19 33x107° 46x107°  44x107

ARI18 0.4 1300 19 26x107° 39x107° 3.6x107

Notes. The typical logarithmic error is 0.2 dex on log M. It is shown a comparison to estimations made by Lang et al. from their 8.5 GHz observa-
tions (Lang et al. 2001) and their 22.5 GHz observations (Lang et al. 2005), both re-scaled for taking into account their assumed v, = 1000kms~!,

and a comparlson to estimations made by Martins et al. (2008), also re-
M, are in units of M, yr~'.“"Wind parameters from Table 2 by Martins
this paper. YDerived from the 22.5 GHz flux density for AR1, AR2,

scaled considering their clumping factor value of 0.1. All mass-loss rates,
et al. (2008). ”’Mean molecular weight determined using the Eq. (5) from
AR4, AR7 and ARS8 sources, and from the 8.5 GHz flux density for the

others, as described in Table 5 by Lang et al. (2005). “Infrared K-band obtained with the integral field spectrograph SINFONI on the VLT by

Martins et al. (2008). The typical error provided is +0.2 dex on log M.

do not find any signs for variability within the uncertainties on
our measurements. In conclusion, if we omit the ambiguous case
of AR16, we find that only 2 of the 17 radio stars, or less than
15%, display significant variability. The radio emission therefore
appears to be stable on timescales of a few to ten years.
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4.2. Number of detected sources

All but two of the 18 radio stars detected by our study lie within a
projected radius of about R = 12.5” — or 0.5 pc at the distance of
the GC — of the centre of the Arches cluster. It is possible that the
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Table 6. Expected number of stars detected at 10 GHz within cylindrical beam of R = 0.5 pc, assuming a mass of 1 x 10* M, a volume filling
factor of 1, different ages and two different slopes a of the initial mass function.

Age (Myr) 2 3 4 5

PARSEC

a=235 14+1.2(7.7+£2.6) 4.7 +2.0(64+2.3) 56+£2.7(59=+2.7) 34+£1.7(5.6x24)
a=128 57+£21262+48) 17.6+40(226+4.6) 153+3.7(162+39) 79+28(12.8+3.4)
MIST

a=235 25+1.7(8.1+£3.2) 58+£24(9.6+3.5) 33+2.03.5+20) 31+1.83.1+1.8)
a=138 9.6+3.1(27.1+45) 206+42(314+53) 10.1+3.1(105+3.1) 7.8+29(7.9+2.8)

Notes. The numbers in brackets correspond to the assumption of a volume filling factor of 0.1 for the stellar wind.

sources far from the centre, AR17 and AR18, also originated in
the cluster, a hypothesis that could be tested with proper motion
measurements.

Within R = 0.5 pc we detect six more sources than the previ-
ous study by Lang et al. (2005). The faintest source reported by
Lang et al. (2005) is AR10 as a 20 detection with 0.06 mJy at
8.5 GHz. With the spectral indices estimated here (or assuming
a flat spectral index as a conservative estimate where no mea-
surement is available) we can estimate the 8.5 GHz flux den-
sity of the new sources found by our work. The sources AR11
(0.06 mJy), AR12 (<0.07 mJy), AR14 (<0.09 mJy), and AR16
(£0.04 mJy) therefore probably escaped from previous detec-
tion because of the lower sensitivity of the observations. AR15
is clearly identified as a variable source by our observations
(see previous section). Also, AR11 and AR15 lie outside of the
FoV shown in Fig. 6 of Lang et al. (2005). The relatively bright
source AR13 should have been detected by Lang et al. (2005).
Its non-detection may be due to variability, possibly combined
with its closeness to the brightest source, AR1, which may lead
to it being confused with side lobes from this source.

Does the number of detected radio sources correspond to our
expectations? First of all, we detect all spectroscopically classi-
fied WR stars in the cluster (see Clark et al. 2018). Our sample of
these sources of strong ionised winds is therefore complete. The
faintest source detected by the highest quality observations of
our work is AR16 with a 10 GHz flux density of 0.04 +0.01 mJy.
Its mass-loss rate is approximately 9.0 x 107° Mg yr~! or about
2.8x 107 My, yr~! if we assume a volume filling factor of 0.1 for
the stellar wind and a wind velocity of v, = 1400 km s~!, which
are typical values for our sources.

We can estimate the number of stars with a wind mass-
loss rate at or above this value by combining estimates of the
age, mass, and initial mass function (IMF) of the Arches cluster
with isochrones of stellar evolutionary codes. For the IMF we
assume a one-segment power-law IMF, using either the standard
Salpeter exponent of 2.35 or the observationally motivated top-
heavy value of 1.8 (Hosek et al. 2019). The latter value is also
in good agreement with the observational value of the present
day mass function of the cluster within about R = 0.5pc of
its centre (Stolte et al. 2005). All stars that are clearly associ-
ated with the cluster, namely AR1 to AR16, are located within
a projected radius of R =~ 0.5pc of the cluster centre. Fol-
lowing Clarkson et al. (2012) and Hosek et al. (2019), we can
estimate the cluster mass within this area to 1 x 10* M, with
an approximate uncertainty of 30%. Using PARSEC (release
v1.2S + COLIBRI S_35; Bressan et al. 2012; Chen et al. 2014,
2015; Tang et al. 2014; Marigo et al. 2017; Pastorelli et al. 2019)
and MIST (Dotter 2016; Choi et al. 2016; Paxton et al. 2011,
2013, 2015) theoretical isochrones for solar metallicity we can

estimate the number of stars with a mass-loss rate of 29.0 x
107 Mg yr~!' (22.8 x 107 M, yr~! for a 0.1 volume filling fac-
tor) in this area.

Table 6 lists this number for the two IMF slopes assumed
here, for five different cluster ages, for the two theoretical mod-
els, and for assuming volume filling factors of 1 and 0.1. In
each case, the numbers are the means and standard deviations
from 100 runs of a Monte Carlo simulation. The numbers for
MIST and PARSEC agree within their estimated uncertainties.
The assumed volume filling factor has little impact at ages of 4
and 5 Myr, but can increase the numbers of detected stars con-
siderably at lower ages.

Comparing the numbers in Table 6 with the number of
detected radio stars in our observations, either 16 or 18, the latter
if we assume that AR17 and AR18 may be high-mass stars that
escaped from the cluster, we can see that an age as old as 5 Myr
can be safely ruled out. The numbers clearly also require a top-
heavy IMF; they indicate an age of the cluster in the range 2—
4 Myr. This agrees well with the observational values of the age
range: from 3.7 + 0.2 Myr (Hosek et al. 2019) and 3.7 = 0.7 Myr
(Schneider et al. 2014) on the high end, to lower estimates of
around 2.0-3.3 Myr (e.g. Clark et al. 2018; Lohr et al. 2018).

Our age estimation is relatively crude because it relies on
various assumptions — among others the validity of theoretical
codes for the post-main sequence evolution of massive stars —
and ignores complications such as the influence of stellar mul-
tiplicity on stellar evolution. Nevertheless, our estimate shows
that the number of radio stars can be used as a tool to constrain
the age or mass of a cluster and also its mass function. We also
show that the theoretical models appear to satisfactorily repre-
sent mass-loss rates of massive stars.

We show that with the extraordinary sensitivity of the JVLA
we can detect massive stars with mass-loss rates up to 1.3 x
107 Mg yr~! in Arches. With the advent of the Square Kilome-
tre Array at mid-frequency (SKA-MID), which will cover the
frequency range 350 MHz to 14 GHz, especially at the highest
frequencies (Band 5) where the highest contribution from the
optically thick stellar wind is expected, it will be possible to mea-
sure mass-loss rates of ~1077 Mg yr~! at the distance of the GC
in tens of minutes integration time. This would favour studies
of massive stars and their associated winds at all stages of evolu-
tion, including pre-main sequence stars, luminous blue variables,
and Wolf Rayet stars, and at the same age inside the three main
massive stellar clusters at the GC (the Central Cluster, Arches,
and Quintuplet).
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