PROCEEDINGS

OF SCIENCE

Observations of the 86 GHz SiO maser sources in
the Central Parsec of the Galactic Centre

Borkar, A.'; Eckart, A.>3, Straubmeier, C.2, Sabha, N. B.2, Sjouwerman, L. 0.4,
Karas, V.', Kunneriath, D.>'', Moser, L.*2, Britzen, S.3, Valencia-S, M.2, Donea, A.’,
Zensus, A.3?

U Astronomical Institute of the Academy of Sciences, Prague, Bocni Il 1401/1a, CZ-14131 Praha
4, Czech Republic

2 Physikalisches Institut, Universitdt zu Koln, Ziilpicher Strasse 77, D-50937, Koln, Germany
3 Max-Planck-Institute fiir Radioastronomie, Auf Dem Hiigel 69, D-53121, Bonn, Germany

4 National Radio Astronomy Observatory, PO Box 0, Socorro, NM 87801, USA

5 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903, USA
6 Argelander-Institut fiir Astronomie, University of Bonn, Auf dem Hiigel 71, D-53121 Bonn,
Germany

7 Monash Centre for Astrophysics, Monash University, Clayton, Victoria 3800, Australia

We present results of 3 mm observations of SiO maser sources in the Galactic Centre (GC) from
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tions of the SiO molecule atv=1,/=2—1at86.243 GHzandv=2,J =2 —1 at 85.640 GHz. We
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emission. We analyse these sources and calculate their proper motions. We also study the vari-
ability of the maser emission. IRS 7, IRS 12N and IRS 28 exhibit long period variability of the
order of 1 — 2 years, while other sources show steady increase or decrease in flux density and
irregular variability over observation timescales. This behaviour is consistent with the previous
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1. Introduction

The innermost parsec of the Milky Way is a complex environment (hereafter referred to as the
central parsec), with a supermassive black hole (SMBH) of mass of 4 x 10°M,, at the centre. The
SMBH is associated with the compact radio source, Sagittarius A* (Sgr A*) located at a distance
of 8 kpc (see, e.g. [1, 2, 3, 4, 5] for detailed review of the topic). The central parsec consists of
an extremely dense collection of stars as well as ‘the mini-spiral’ of filaments of ionized gas, and
it is surrounded by a circumnuclear disk (CND) of neutral atomic & molecular gas at >~ 1.5 pc
that extends upto ~ 5 —7 pc. Observations of the central stellar cluster have discovered a large
population of mainly late-type red giant stars, including asymptotic giant branch (AGB) stars (see
e.g. [6,7,8,9, 10]). Spectroscopic observations have found hot, early-type stars with H, He, and N
emission lines showing characteristics of post main-sequence Ofpe/WN9, luminous blue variables
(LBVs) and Wolf-Rayet stars [11, 12, 13, 7, 14, 8].

Recent observations have also discovered several massive young stellar objects (YSOs) (~10—
120 M, age < 10 — 100 Myr). These include more than 100 main-sequence OB stars, luminous
OB giants and supergiants, post main-sequence Wolf-Rayet stars, and Herbig Ae/Be stars in the
central parsec, as well as the S-star cluster of > 15 main-sequence B stars within 1”7 (0.04 pc), very
close to the SMBH [15, 16, 17, 18, 19, 20, 21, 22, 8, 23, 24, 25, 12, 26, 27, 28]. The presence of
such young stars so close to the black hole is perplexing, and has been a hotly debated issue, spark-
ing several dynamical models. These models are mainly categorised into two groups: (1) in-fall,
or dynamical migration of the stellar cluster from outer zone ([29, 30, 31] and references therein)
and (2) in-situ star formation ([32, 33] and references therein). Analysis of the population of young
stars in the central parsec suggests an age of ~ 4 —8 Myr. The presence of two similar young (age
2 —7 Myr), massive (~ 10*M.) star clusters with similar stellar population, the Arches and the
Quintuplet, within 50 pc of the Galactic Centre (GC) alludes to the possibility of a global event a
few million years ago that could have led to the star formation in the GC [34, 8, 35]. To understand
the origins of the stars in the central parsec, observations of their spatial distribution in different
frequency bands are required.

The central stellar cluster contains stars which are bright infrared (IR) sources and strong
sources from the SiO maser emission. The SiO maser emission arises from the rotational transi-
tions within the vibrational states of the SiO molecule, and is mainly associated with late-type red
giant stars, especially AGB stars and planetary nebulae [36, 37, 38, 39, 40, 41]. SiO maser emis-
sion has been observed in massive young stellar objects, but it is very rare [42, 43, 44, 45]. The
radiative pumping from the IR radiation and collisional pumping are thought to be the mechanisms
responsible for the SiO maser emission from the stellar atmosphere [40]. Very long baseline inter-
ferometry (VLBI) observations have shown that SiO masers originate in the circumstellar envelope
of the star, at a distance of ~10!* c¢m, closer than the OH & H,O masers, which are found further
out in the stellar atmosphere [38]. The SiO emission arises from cells close to the star, which de-
scribes the stellar position within 1 mas and can be treated as point sources [42, 46]. Stellar objects
with SiO maser emission act as reliable tracers for Galactic dynamics as they are not sensitive to
non-gravitational perturbations [47, 48].

T based on ALMA observations under the project 2013.1.00834.S executed on 10 April 2015 (PI: J. Darling).
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Since these sources are strongly visible in both the radio line emission and the IR, their radio
positions have been used to create a reference frame to perform accurate astrometry for the IR
images which was used to locate the precise position of Sgr A* in IR [49, 50, 51]. The central parsec
has been observed extensively for SiO sources at 43 GHz line at high resolution with the Very Large
Array (VLA), the Very Long Baseline Array (VLBA), and the Australia Telescope Compact Array
(ATCA) [49, 52, 53, 54, 55, 56, 47, 57, 58, 50, 51, 59, 48, 24]. Comparatively, the 86 GHz SiO
line sources are still largely unexplored. [60] and [61] observed the inner Galaxy using single
dish telescopes, i.e. Nobeyama 45 m telescope and IRAM 30 m telescope respectively, but their
observations were limited by angular resolution and sensitivity. Interferometric observations at 86
GHz were performed by [48] using ATCA in 2006 and 2008. Their observations were limited by the
velocity coverage (30 — 60 km s~ 1), where they detected two sources: IRS 10EE and IRS 15NE.
Further observations by Li et al. also detected IRS 7, IRS 10EE, IRS 12N, IRS 15NE, IRS 17, IRS
28, SiO 15 and SiO 20 (J. Li, L. O. Sjouwerman & C. Straubmeier, private communication). A
census of the stellar sources in the central parsec at different wavelengths is necessary to understand
the physical processes that govern the stellar distribution in the GC.

In this paper, we report the results of our observations of the GC environment at 3 mm, taken
between 2010 to 2014 using the ATCA, and publicly available data from ALMA observation in
2015. In Section 2, we describe the observations and data reduction processes used to obtain the
positions of the detected maser sources. The results of the observations are discussed in Section 3,
where we report proper motions of the stars. The analysis of the detected maser sources and their
observed variability is discussed in Section 4, followed by a summary in Section 5.

2. Observations and Data Analysis

ATCA Data:

The observations of the Galactic Centre were made at 3mm band with the ATCA between
2010 and 2014. ATCA is an array of six 22-m telescopes located at the Paul Wild Observatory in
Narrabri, NSW, Australia. Of the six antennas, five have 3 mm receivers. The location of ATCA
allows us to observe the GC for more than 8 hours a day, as the GC passes almost overhead at
the latitude of ATCA. The Compact Array Broadband Backend (CABB) was upgraded in 2007.
The upgrades allow us to make observations with two wide 2048 MHz intermediate frequency (IF)
bands at the spectral resolution of 1 MHz, which corresponds to the velocity resolution of 3.5 km
s~! and the velocity coverage of +3500 km s~ . This wide band makes it possible to detect several
high velocity maser sources. We performed the observations in a spectral line mode wherein we
observed at two different frequency bands centred at 86.243 and 85.640 GHz. These frequencies
correspond to two transition lines of the SiO molecule (/ =2—-1,v=1and J=2—-1, v =2).
Observations were performed for approximately 10 — 12 hours each day. The bandpass calibration
with PKS 1253 — 055 and flux calibration with Uranus were performed for 30 minutes each at the
beginning and at the end of the observations, respectively. We observed the GC with three sets of
25 min on-source observations sandwiched between observations of gain calibrators (see Table 1).
Sgr A* is a strong radio source thus it can be used for self calibration. These observations were
carried out in part to study the variability of Sgr A* (see [62]). For the 3 mm observations, the
maximum available baseline is 214 m for the H214 configuration which was the predominantly
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Start Time End Time
Date Array Calibrators uT D UT D
ATCA Observations

2010 May 13 H214 1741-312 11:04:45 JD2455329.96042 21:50:25 JD2455330.41001
2010 May 14 H214 1622-297 10:45:07 JD2455330.948 22:07:40 JD2455331.42199
2010 May 15 H214 1741-312 10:10:30 JD2455331.92406 22:30:10 JD2455332.42406
2010 May 16 H214 1622-297 10:08:47 JD2455332.92277 21:35:60 JD2455333.41961
2011 May 23 H214 1741-312 09:57:43 JD2455704.91516 21:05:13 JD2455705.37862
2011 May 24 H214 1741-312 09:56:05 JD2455705.91395 21:24:17 JD2455706.39186
2011 May 25 H214 1741-312 10:01:13 JD2455706.91751 21:22:30 JD2455707.39062
2011 May 26 H214 1741-312 10:03:01 JD2455707.91876 21:17:33 JD2455708.38719
2012 May 15 H214 1714-336 08:23:47 JD2456062.84985 21:51:35 J2456063.41082D
2012 May 16 H214 1714-336 10:04:30 JD2456063.91979 21:45:22 J2456064.4065D

2012 May 17 H214 1714-336 09:49:17 JD2456064.90922 21:52:18 JD2456065.41132
2012 May 18 H214 1714-336 11:02:51 JD2456065.96031 21:56:46 ID2456066.41442
2013 June 26 EW352 1741-312 08:18:21 JD2456469.84608 20:44:37 JD2456470.36432
2013 June 27 EW 352 1741-312 — — — —

2013 August 31 1.5A 1741-312 03:36:08 JD2456535.65009 14:57:04 ID2456536.12296
2013 September 1 1.5A 1741-312 — — — —

2013 September 14 H214 1741-312 03:08:12 JD2456549.63069  13:27:588:12  JD2456549.63069
2013 September 16 H214 1741-312 — — — —

2014 April 1 H168 1741-312 14:54:24 JD2456749.12111 23:38:55 JD2456749.48536
2014 April 2 H168 1741-312 13:37:58 JD2456750.06803 00:22:18 JD2456750.51549
2014 June 7 EW352 1714-336 08:00:50 JD2456815.83391 19:00:02 ID2456816.29169
2014 September 26 H214 1714-336 02:05:40 JD2456926.58727 12:44:31 JD2456927.03091
2014 September 27 H214 1714-336 02:10:13 JD2456927.59043 12:40:51 JD2456928.02837

ALMA Observation
2015 April 15 C34-1/(2)  J1752-2956 06:16:33 JD2457122.761493 07:14:33 JD2457122.801771

Table 1: The Log of observations of Sgr A* taken using ATCA and ALMA. The dashes represent the days
on which observations were not made. See Section 3 of [62] for details.

used configuration. This gives primary beam of 30" and synthesized beam of 1.99” x 2.28". The
details of the observations are summarised in Table 1.

The MIRIAD data reduction package was used to map and reduce the interferometer data
[63]. The bandpass, gain and flux calibrations were performed following the standard procedure.
We then perform a hybrid Hogbom/Clark/Steer CLEAN algorithm to produce a clean map from a
dirty map. The task UVLIN was used to separate the continuum from line in the spectral data using
a linear fitting to the line-free channels and the output was subtracted from the calibrated data.
The continuum-subtracted data were then mapped as a spectral cube. The typical rms noise in the
individual channels is ~ 10 mJy.

ALMA Data:

We also use dataset that was observed using ALMA from the project 2013.1.00834.S (PI: J.
Darling) and executed on 10 April 2015. The ALMA array was in C34-1/(2) configuration with
35 antennas of the main 12-m antenna array, and baselines ranging from 13 to 356 metres. The
spectral setup consisted of 4 spectral windows with 1920 channels, centred at 85.321, 86.251,
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87.181 and 88.11 GHz, with a bandwidth of 937.5 MHz and spectral resolution of 0.5 MHz which
corresponds to the velocity resolution of ~1.7 kms~!. The configuration gives primary beam of
55" and synthesized beam of ~ 4.1 x 2.5 arcsec. The observations were made for 1 hour in total,
starting with bandpass calibration with J1717 — 3342 and flux calibration with J1733 — 1304, and
on source integration time of ~ 38 minutes with phase calibration between on source observation.

Basic data reduction and standard calibration was performed using the Common Astronomy
Software Application (CASA v4.2, [64]) with ALMA calibration pipeline. The continuum emission
was subtracted from the calibrated data with a linear fitting to the line-free channels, and the spectral
line map was produced using the CLEAN algorithm with natural weighting. The resulting image
was corrected for primary beam to accurately represent the flux density of the detected sources.
The obtained rms noise in the spectral channels is ~ 2.5 mJy.

Further data analysis was performed using ast ropy [65] packages.

Detecting the SiO maser sources:

To detect SiO maser sources, first we calculated the rms noise o for each channel after which, we
searched for all the instances where the flux density was more than 5¢. These resulted in several
candidate maser sources. We put additional constraints to distinguish the genuine sources from
artifacts: the candidate should be detected over several epochs and over several channels. We detect
the H42 recombination line (rest frequency= 85.69 GHz) in the ATCA data which is observed
along the mini-spiral [66]. The detections from the recombination line have broad spectral width,
and show extended features. These are excluded from the search of SiO maser candidate sources.
We also referred to the lists of previously known stellar sources in the central parsec observed at
43 GHz and in IR observations [7, 51, 48] to verify the positions of detected candidates.

After this process, 5 sources were confirmed in the ATCA data and 20 sources in the ALMA
data. The larger field-of-view and better sensitivity of ALMA facilitates the detection of weaker
and greater number of sources further away from the centre. Of these, following are previously
known sources: ATCA data: IRS 7, IRS 9, IRS 10EE, IRS 12N, and IRS 28; ALMA data: IRS 7,
IRS 10EE, IRS 12N, IRS 14NE, IRS 15NE, IRS 17, IRS 19NW and IRS 28, and previously known
43 GHz SiO maser sources ([51, 48]) SiO 6, SiO 14, SiO 15, SiO 16, SiO 17, SiO 18, SiO 19, and
Si0 20. Four new sources were also detected in the ALMA data, which have been observed for
the first time in radio emission lines. Following the nomenclature used by [51] and [48], we have
named them SiO 24, SiO 25, SiO 26 and SiO 27 (See Fig. 1).

3. Results

Proper Motion Analysis:

As discussed in Section 2, the longest baseline available for observation with ATCA is ~
214 m, and 356 m for the ALMA dataset, which translates to best possible angular resolution of
~ 2", This is significantly lower resolution than the resolution available with VLBA at 43 GHz.
To improve the accuracy in determination of the position of the source, we fit a two dimensional
Gaussian to each detected source in each channel using DPUSER ([67]). We then obtain the position
of the SiO maser for the observation day by weighted averaging the channel detections.
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Source Year RA DEC Peak
O Q) Iy
ATCA Detections

IRS 7 2010.364383 0.0580+0.0365 5.3279 +£0.0365 0.685+0.032
2010.367123 —0.0160£0.0366 5.4459 +£0.0365 0.788 £0.020

2010.369863 0.0340+0.0365 5.4019+0.0365 0.654+0.010

2011.394520 —0.0960 +0.0368 5.3199 +£0.0366 0.344+0.028

2011.397260 0.0920+0.0368 5.3699 +0.0367 0.305+0.022

2011.400000 0.0860+0.0366 5.438040.0365 0.288 +0.024

2012.372602 0.0320+0.0323 5.5040+0.0354 0.519+0.022

2012.375342 0.0180+0.0316 5.3940 4+ 0.0326 0.538+0.023

2012.378082 0.0599£0.0318 5.5079£0.0331 0.485+0.022

2012.380821 0.0159+0.0326 5.4720+0.0396 0.467+0.022

2014.252050 0.1639+0.0316 5.3839+0.0316 0.373+0.037

2014.432877 —0.114040.0449 5.2339+0.0749 0.400+0.051

2014.736986 —0.0800£0.0316 5.3980+£0.0316 0.597+0.023

2014.739726 0.0840+0.0316 5.4019+0.0316 0.625+0.047

IRS 9 2010.364383 5.685240.0816 —6.3228 +£0.0816 0.209 +0.024
2010.367123 5.7602 +0.0817 —6.1762+0.0816 0.226 +0.024

2010.369863 5.6314+0.0824 —6.1360+0.0819 0.253+0.026

2011.394520 5.8888 +-0.0840 —5.9422+0.0824 0.243+0.034

2011.397260 5.7668 +0.0822 —6.0506+0.0819 0.242+0.023

2011.400000 5.7024 +0.0817 —6.1248 £0.0817 0.299 +0.054

2012.372602 5.6090£0.0712 —6.28424+0.0718 0.113+0.024

2012.375342 5.6382+0.0765 —6.1046+0.0883 0.121 £0.021

2012.378082 5.5764 +0.0736 —6.0774+0.0790 0.112+0.026

2012.380821 5.6736 +0.0709 —6.2280+0.0732 0.139+0.022

2014.736986 5.8190 £0.1006 —6.1934£0.1001 0.110£0.023

2014.739726 5.6662 +0.1008 —5.7426 +£0.1007 0.146 +0.025

IRS 10EE 2010.364383 7.6720+0.0817 4.0779+0.0817 0.378 +0.021
2010.367123 7.6776 £0.0816 4.2279+0.0816 0.399+0.022

2010.369863 7.5818 £0.0816 4.1920+0.0816 0.381+0.021

2011.394520 7.6126 £0.0817 4.1180+0.0817 0.280+0.024

2011.397260 7.6018 +£0.0818 4.1420+0.0817 0.244+0.020

2011.400000 7.5806+0.0818 4.1779+0.0817 0.204+0.018

2012.372602 7.5163 +£0.0720 3.8980+0.0735 0.217+0.017

2012.375342 7.6503 +0.0750 4.2540 £0.0960 0.152+0.013

2012.378082 7.5348 £0.0723 4.42204+0.0737 0.144+0.015

2012.380821 7.5770+0.0750 3.9379+0.0825 0.155+0.014

2014.249315 7.44374+0.1415 3.8639+£0.1414 0.120+£0.010

IRS12N 2010.364383 —3.1940+0.0824 —7.0684 +0.0820 0.100£0.015
2010.367123 —3.243940.0820 —6.8922+0.0819 0.143+£0.015

2010.369863 —3.6560+0.0820 —7.0163 £0.0818 0.160+0.017

2012.372602 —3.2560+0.0579 —6.6343 +£0.0583 0.260+0.017

2012.375342 —3.29594+0.0578 —6.8578 0.0583 0.223+0.016

2012.378082 —3.12794+0.0578 —6.9894 +0.0581 0.200+£0.016

2012.380821 —3.1100+0.0624 —6.7728 £0.0723 0.230+0.017

2014.736986 —3.2500+0.0817 —6.8633 +0.0816 0.480+0.033

2014.739726 —3.2960+0.0818 —6.8612+0.0817 0.490+0.030

Table 2: Position offsets from Sgr A* and flux dengjty of the detected SiO maser sources.

newly discovered sources.

3

*’ marks the



SiO Masers in the Galactic Centre

Source Year RA DEC Peak
(@) @) Iy

IRS 28 2010.364383 9.9878 +£0.0828 —5.7386 +0.0820 0.1344+0.017
2010.367123 10.3094 +0.0822 —5.7244 +0.0820 0.110+0.014

2010.369863 10.4244 +0.0817 —5.84324+0.0817 0.1534+0.017

2012.372602 10.4798 +0.0601 —5.8726+0.0617 0.070+0.015

2012.375342 10.3314 +0.0633 —5.4248 +£0.0763 0.074+0.012

2012.378082 10.3444 £+ 0.0660 —6.1092 +0.0876 0.073+0.012

2012.380821 10.0470 +0.0644 —5.8776 +0.0766 0.065+0.014

2014.432877 10.2916 +0.0825 —5.8406+0.0817 0.103+0.018

2014.736986 10.2344 +0.2097 —5.8964 +0.1725 0.1004+0.023

2014.739726 10.0848 +0.0848 —5.9746 +0.0832 0.084+0.015

ALMA Detections

IRS 7 2015.2726 0.0243 +0.0063 5.4330+0.0039 0.4941+0.003
IRS 10EE 2015.2726 7.5930+£0.0110 4.0300 £ 0.0067 0.1104+0.003
IRS 12N 2015.2726 —3.32144+0.0047 —7.00854+0.0030 0.31940.003
IRS 14NE 2015.2726 0.6355+0.0288 —8.2528+0.0154 0.0304+0.003
IRS 15NE 2015.2726 1.0402+0.0198 11.0842 +0.0127 0.082 4+0.003
IRS 17 2015.2726 13.0620+0.0128 5.4520+0.0081 0.082+0.003
IRS 19NW 2015.2726 14.34474+0.0156 —18.5563 +£0.0093 0.1294+0.003
IRS 28 2015.2726 10.4397 +£0.0072 —5.8824 +0.0043 0.2154+0.003
SiO 6 2015.2726 35.0845+0.0192 30.4963+£0.0114 0.336+0.003
SiO 14 2015.2726 —7.5799 +0.0097 —28.5094 +0.0061 0.4364+0.003
SiO 15 2015.2726 —12.4102+0.0146 —11.0621 £ 0.0096 0.094 +0.003
SiO 16 2015.2726 —26.4721+0.0182 —34.4683 +£0.0112 0.204 +0.003
SiO 17 2015.2726 7.9990+0.0171 —27.7260 £ 0.0098 0.16040.003
SiO 18 2015.2726 —18.5807 +£0.0224 —26.1446 +0.0138 0.1024+0.003
SiO 19 2015.2726 16.1361 £0.0112 —21.6761 +£0.0070 0.16540.003
SiO 20 2015.2726 —13.9999+0.0161 20.31224+0.0101 0.094 +0.003
SiO 24* 2015.2726 17.0794 +0.0220 —9.2471+£0.0142 0.0504+0.003
SiO 25% 2015.2726 —33.1316 £0.0152 —17.9372 +£0.0088 0.15940.003
SiO 26* 2015.2726 22.4607 +0.0302 23.55234+0.0192 0.057 +0.003
SiO 27* 2015.2726 —20.3771 +£0.0090 33.6992 £0.0201 0.106 +0.003

To calculate the proper motions of the masers, we assume that the stellar positions do not
change within short time (~ days). We obtain the mean coordinates for a particular observation
year by weighted averaging the positions obtained for each individual observation day. The 1o
uncertainty in the position measurement is obtained by following [68]. The weighted mean is given
by ¥ = Ziwix,/Zw;; (i = 1,...,n), where x; are the position measurements, weights w; = 1/s? and
s; are measurement uncertainties in x;. The estimated error in the weighted mean is 6 = 4/ 612 + 022
where

(o] ; and op =

Yiw;

We then fit a weighted straight line through the resultant positions, along with the data from [51]
and [48] to obtain the proper motions. We increased the uncertainties in the position values for
large reduced x? values. The detailed values of obtained positions of individual maser sources for
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Figure 1: Positions of all the SiO maser sources detected with ATCA (left) and ALMA (right), respectively.
Newly detected sources are marked with “*’. Contours are: left: 0.05, 0.093, 0.137, 0.18, 0.225,0.268, 0.312,
0.356, 0.4 Jy; right: 0.04, 0.09, 0.14, 0.19, 0.25, 0.29, 0.35, 0.4 Jy.

all epochs can be found in table 2. The scatter in the positions is consistent within the accuracy of
angular resolution of 2” of our ATCA and ALMA observations.

Figure 2 shows the RA and DEC proper motions of the bright sources detected in the ATCA
data with previously available data along with representative spectra from 17 December 2012. The
red squares represent data from [51] and green diamonds represent data from [48], while the blue
circles show points from our ATCA observations and the results from ALMA data are represented
by the black triangles. The red dashed line in the images of spectra shows the 10 rms noise.
Figure 3 shows the proper motions of the sources detected from the ALMA dataset. The proper
motion values are converted to linear velocities, where the distance to the GC is assumed to be 8
kpc. Table 3 shows the values of the linear speed of the maser sources. These proper motions are
consistent within the error margin with the previous studies.

4. Discussion

In this section we discuss the properties of the individual detected SiO maser sources as in-
ferred from the analysis of their spectra. The central stellar cluster of the GC has been observed at
various wavelengths over several decades. The multiwavelength observations, especially in near-
infrared (NIR) and mid-infrared (mid-IR) wavelength, have been used for not only determining
the precise positions of the IR sources (IRSs), but they have also been used to infer their spectral
energy distributions (SEDs), and from these, their morphology has been determined. Here we give
a brief overview of these studies.

IRS 7:
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Figure 2: The RA and DEC proper motion and the observed ATCA spectra of IRS 7, IRS 9, IRS 10EE,
IRS 12N, and IRS 28. In the columns on left and centre, the data from [51] and [48] are represented by
red squares and green diamonds, respectively. The blue circles represent data from our ATCA observations,
and the results from ALMA data are represented by the black triangles. The red dashed line in right column
shows the 10 rms noise.

IRS 7 is a very strong radio SiO maser and IR source which has been used for adaptive op-
tics guiding for IR observations. It is classified as M2 [69] or M1 [70] type red super giant with
bright thermal radio emission from its external envelope. It has a supergiant luminosity with its
SiO maser features spread over more than 20 km s~!, which means that its envelope is much larger
than typical Mira variable stars, with strongest features spanning about 10 mas. [70] detect a long
period variability of 2620-2850 days and a shorter period of 470 &= 10 days. The detected variation
in the flux of IRS 7 in our dataset is consistent with the latter.

IRS 9:
IRS 9 is a late-type giant [71] shown to have characteristics of a Mira variable star [51], of
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Figure 3: The RA and DEC proper motion and the observed ATCA spectra of IRS 7, IRS 9, IRS 10EE,
IRS 12N, and IRS 28. In the columns on left and centre, the data from [51] and [48] are represented by
red squares and green diamonds, respectively. The blye circles represent data from our ATCA observations,
and the results from ALMA data are represented by tge black triangles. The red dashed line in right column

shows the 10 rms noise.
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Figure 4: The spectra of the remaining sources detected with ALMA. The red dashed line shows the 1o
rms noise. The newly detected sources are marked with “*’

spectral type M3 III [72]. It exhibits a very high three-dimensional velocity, exceeding the escape
velocity at its projected distance. A number of explanations were proposed (see [51] for detailed
analysis) to explain the observed high velocity. A binary system was postulated to explain its high
velocity, but [51] show that the contribution to the velocity from the binary could not be more than
20 km s~!, and thus it could not explain the high velocity. Other explanations included existence of
0.8 x 10® M, dark mass in the form of stellar remnants, the distance to the GC exceeding 9 kpc, a
non-zero Vysg of Sgr A*, or that IRS 9 is not bound to the GC. Their most-likely explanation is that
it is a high-velocity star ejected from the central cluster. Calculations by [73] suggest that although
IRS 9 has high velocity, it is not excessive with respect to the global distribution.

IRS 9 is known to have a long period variability [71]. [10] classify it to be large amplitude
irregular or semi-regular variable, and [51] also consider it to be long period variable. In our ATCA
data, it shows a variation in 86 GHz SiO emission over timescale of ~ 2 years, which is consistent
with the long period variability. IRS 9 was not detected in the ALMA data, possibly due to con-
tamination from the surrounding ISM.

IRS 10EE:
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Source ID VLsr HRA HDEC VRraA VbEC

km/s mas/yr mas/yr km/s km/s
IRS7 —120+4 —0.58£0.10 —3.53+£0.41 —22.124+3.9 —133.82+154
IRS9 —340+4 3.06+0.07 2.11+0.24 116.02£2.6 80.10+9.3
IRS10EE —29+4 0.03+0.04 —2.09+£0.06 1.29+1.6 —79.21+2.2
IRS12N —62+4 —1.57+£0.27 —2.80+0.48 —59.62+10.1 —106.2+18.1
IRS28 +18+4 1.49+0.74 —-5.71£0.27 56.67+28.1 —216.4+10.4
IRSI5NE +68+4 —1.96£0.06 —5.68£0.11 —74244+22 —215.33+4.1
IRS17 +77+4 —1.62+£0.14 —-0.79+£0.27 —61.55+54 —29.83+£10.2
IRS19NW —53+4 1.18+0.22 —0.431+0.28 44.97+8.5 —16.31£10.6
Si06 +43+4 2.57£0.39 1.97£0.35 97.41+14.9 74.88+13.3
SiO014 —121+4 2.08+0.30 —0.94+1.95 7893+ 11.5 —35.53£73.9
Si015 —44+4 —2.46+£0.27 0.77+£0.52 —93.2+£10.1 29.29+19.7
SiO16 +1+4 0.49+£0.07 —1.84+1.08 18.65+2.6 —69.62+40.9
SiO017 +47+4 2.53+£0.07 2.254+0.66 95.87+2.8 85.55+25.1

Table 3: SiO maser proper motions of the detected sources. The linear velocities are computed assuming 8
kpc distance to GC.

From the IR observations, IRS 10EE has been shown to be a long-period variable star, of
spectral type M1 III Mira variable, with variability ranging from several days to few months
[74, 75, 6, 10, 76]. It has also been observed at different maser lines, such as SiO, OH, and
H,O [77, 78, 49, 47, 50, 51, 59, 10]. The source also has a very compact SiO emission. It has
been proposed that it could be a binary system [10], which has been supported by VLBA obser-
vations [59]. [48] detect variation on the timescale of months at 86 GHz. Since our observations
are spaced every one year, this shorter variability cannot be detected in our data. We detect a
steady decline in the peak flux density over the observation duration. [48] detect peak flux density
between 0.24—0.45 Jy at 86 GHz, which suggests a possibility of > 5 year long timescale variation.

IRS 12N:

IRS 12N has been observed in both IR and SiO line in radio, though it has a discrepancy be-
tween the IR and radio motions, possibly due to confusion caused by blending with other stars in
the IR band. Similar to IRS 10EE, it has a very compact emission, and it has been classified as a
cool red giant star [71, 7], possibly a MO III type Mira variable star [72]. It shows a steady increase
in the flux density in the ATCA data, but a decrease in the ALMA data suggesting a possible longer
variability period. Similar longer timescale variation has been observed at 43 GHz by [51].

IRS 14NE:

IRS 14NE is an AGB star which has been observed in both IR and SiO line in radio and is
often referred to as IRS 14N. It has been classified as M7 III type cool red giant [71] with possible
long period variability (LPV) [79]. [72] classified it as M4 III late-type star. [6] and [10] find it
to have a K— band variability of ~ 0.14 magnitude and clear structure to the variability. Detected
with a flux density of 30 mJy over only one spectral channel, IRS 14NE is the weakest SiO maser
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source detected in our ALMA dataset.

IRS 15NE:

The observations of IRS 15NE have lent mixed identification results. It has been identified
as cool AGB star by [80, 81] while [19], [8], and [82] classified it as WN9/Ofpe star. [79] found
characteristic cool star features as well as strong He I and Bry emission in the spectrum, suggesting
that the IR spectrum could be blended with the emission from a massive hot star. [21] consider it
to be a “transition” object, appearing as multiple sources. The 43 GHz VLBA observations by [59]
observed slightly resolved SiO emission and the small maser emission size to be compatible with
the AGB star classification. ATCA observations by [48] have shown that IRS 15NE is variable at
both 43 and 86 GHz. It also exhibits high three-dimensional velocity.

IRS 17:

IRS 17 has been observed in both IR and radio line emission extensively over decades, and
has been used to obtain accurate astrometry of the GC [50, 51, 83, 84, 85]. [86] and [87] classified
it as a possible red supergiant and [86] found it to be bluer than IRS 7. It is classified as a late-type
star by [88]. [79] consider it to be a possible LPV star.

IRS 19NW:

There have been very few observations of IRS 19NW in both IR and radio. It has been ob-
served at 43 GHz by [50] and [51] with VLA and VLBA, and by [48] with ATCA, and in IR by [73]
and [85]. IRS 19NW is one of the fainter sources in IR and is dominated by its bright neighbour
IRS 19 [85].

IRS 28:

There have been several observations of IRS 28. [76] classified it as M6 III type red giant.
[74] suggested that it is likely to be a variable while [71] classified it as LPV star. [10] find it to
“not be clearly periodic”, and rule out a period of ~200 days observed by [89]. It is visible every
other year in our dataset and shows a variation in flux from ~ 110 — 150 mJy in 2010 to ~ 70 mJy
in 2012 to ~ 85 — 100 mJy in 2014, suggesting that it may have a long period of a couple of years.
It also shows comparatively large three-dimensional velocity.

The ‘SiO-’ sources:

[51] and [48] have detected several new SiO maser sources at 43 GHz apart from the well
known IR sources (IRSs), with a combined total of 23 new sources. These sources are not detected
in our ATCA images. Some of the sources are outside the field of view, and thus are not observed.
For the sources that are within the field of view, the peak flux densities at 43 GHz range from 0.015
Jy to ~ 0.1 Jy. Since the 43 GHz transition is usually (though not always) stronger than the 86
GHz transition [90], the corresponding peak flux density for these sources would be much lower at
86 GHz, where it would fall within 1 — 30 of the rms noise, where 16 = 0.015 —0.030 Jy. Thus
most of these sources are not detected in our ATCA dataset. In the ALMA dataset, we identified 8
maser sources from the [51] and [48] 43 GHz datasets: SiO-6, SiO 14, SiO 15, SiO 16, SiO 17, SiO
18, SiO 19, and SiO 20. Four other sources were also observed, which represent new detections.
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Following the nomenclature of [51] and [48], they were named as SiO 24, SiO 25, SiO 26, and SiO
27. Some of these sources have been previously observed at other wavelengths, though this is the
first time they have been detected at mm wavelength. SiO 27 is a newly detected source which has
not been observed at any other wavelengths. These newly detected sources are among the weaker
sources detected in our ALMA data, with SiO 24, and SiO 26 having peak flux density ~ 50 mly.
Only IRS 14NE shows lower peak flux density.

SiO 6 has been identified with V4928 Sgr and PSD J174542.72-285957.4 [10] and is asso-
ciated with OH, H,O and SiO maser source OH 359.956-0.050 [91, 92, 93, 94]. A long period
variable IRS 24 has been suggested as its IR counterpart [91, 71], although they are separated by
large projected distance [10]. Analysis by [93] suggests that it is an evolved intermediate mass
AGB star. [89] and [10] have observed large amplitude variability in the IR and is considered to be
LPV candidate. [95] (ID 11) suggest it to have a variability on a yearly time scale.

SiO 16 is associated with V4911 Sgr, a LPV star [96]. It has been observed to have a period
of ~ 528 days [89] while [10] found it to have irregular or semi-regular variability without signs of
periodicity. [95] (ID 451) consider it to have a long period variability on yearly scale.

We identity SiO 17 with OH 359.938-0.052 [94] which is a known OH/IR star. [95] (ID 1933)
find it to be a non-variable star.

SiO 20 can be identified with PSD J174538.98-290007.7 from [10]. They observe a periodicity
of ~ 325 days with large amplitude variations in both H- and K-bands, and consider it to be LPV
star which is corroborated by [96] and [95] (ID 1039).

SiO 25 is associated with V4910 Sgr (PSD J174537.24-290045.7 of [10]) which is identified
as a variable Star of Mira Cet type [96]. Similar to SiO 16, a long period of 601 days was observed
by [89] but [10] found it to be irregular or semi-regular. A long timescale variability is detected by
[95] (ID 212).

Several ‘SiO-’ sources have been discovered by [10], which are variable sources but do not
show any periodicity. These are the following: SiO 14 has been identified with PSD J174539.45-
290056.6 [10] which is SSTGC 523553 from [96] and ID 522 of [95]. [10] found it to be a blended
star without any periodicity, but [71], [79], and [96] consider it to be late-type LPV star, and [95]
also find a long timescale variability. SiO 15 is considered to be PSD J174539.09-290039.3 [10],
ID 220 [95]. [71] consider it as a LPV candidate, and [95] find a yearly timescale variability. We
identify SiO 18 as PSD J174538.61-290054.3 [10]. It is classified as a late-type [88] and Mira-type
long period variable star ([79, 95], ID 552). SiO 19 is PSD J174541.27-290049.9 [10]. It has been
identified as an AGB star [79] with a long yearly timescale variability [95], ID 299.

We identify SiO 24 as PSD J174541.35-290033.0 [10], which is classified as a late-type star
[88] with long timescale variability [95], ID 778. SiO 26 is identified with PSD J174541.75-
290004.6 [10]. [79] classified it as an AGB star. [96] and [95] (ID 448) consider it a LPV star. No
counterpart was found for the star SiO 27 in the literature, and represents a new detection.

Certain similarities can be observed in the detected sources in our datasets. These sources
are predominantly late-type red supergiant and AGB stars, and have been observed at different
wavelengths in millimetre line emission and IR. All sources detected in the ATCA dataset are
classified as M-type variable stars and have negative LSR velocities. Most of the sources exhibit
long period variability with a period of few months to few years. We do not detect any YSO
candidates.
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4.1 Variability of SiO masers

The SiO masers are associated with long period variable stars, such as AGB stars. They have
been known to have variability of the timescale from few days to thousand days or more. The
period of variability may not be strongly defined, and some times may be completely irregular. It
is known that the SiO variability and the IR variability of a maser are correlated. The SiO and IR
variabilities are related to the variation in the local heating rate due to underlying stellar pulsation,
usually dominated by the radiative processes, where the IR stellar continuum radiation is absorbed
by the SiO molecules in the circumstellar envelope [42, 97]. Our continuous monitoring of the GC
allows us to study the variability of the SiO masers in the central parsec.

The detailed values of the flux densities observed - for each observation day when the source
was detected - are given in table 2. The flux values are consistent within the measurement accuracy
and rms noise for the same observation time (~ few days), but the values can be seen to vary
significantly over longer periods. Some of the sources show a periodic behaviour while others
show monotonic increase or decrease in the peak flux density. Sources such as IRS 7, IRS 9, and
IRS 28 exhibit a variation timescale of the order of two years, IRS 10EE shows a gradual decrease
in the peak flux density. The variation in the flux density of IRS 12N suggests a possibly longer
period variability. Some of these sources are classified as Mira variable stars. Mira variable stars
show strong variability of the order of few hundred days where their flux density in IR may change
by more than a magnitude. Since the SiO variability is directly correlated with the IR variability,
strong changes in the peak flux density are also expected at the SiO transition lines. Fig. 5 shows
the flux density variation of the SiO maser sources seen in the ATCA and ALMA datasets over
the period of the observations. Our conclusions on the variability of the sources are limited by
our observation time of 5 years with an interval of ~ 1 year. The weaker sources that exhibit a
stable flux may have a weakly defined period on a different, possibly longer timescales than our
observations, or their variability may be irregular.

S. Summary

We present our observations of the central parsec of the Galactic Centre with ATCA at 86 GHz,
taken between 2010 and 2014. This is the largest dataset of GC observations at 3 mm wavelength.
We detected 5 SiO maser sources, 4 have been reported at 3 mm for the first time viz. IRS 7, IRS 9,
IRS 12N, and IRS 28. We also report the results from ALMA observation at 86 GHz taken on 10
April 2015. From this dataset, 20 sources were detected, of which 11 have been reported at 3 mm
for the first time and 4 newly detected sources. We calculated the proper motion of these sources
and the proper motion velocities are consistent with the previous observations within uncertainties.
Our calculations of the proper motion though limited by resolution and sensitivity, are crucial for
future high resolution and sensitivity observations and long term monitoring to constrain the proper
motions of these sources and to get an insight into their orbits. We also studied the variability of
the individual SiO maser sources. We detect significant variation in the flux density of the stars,
though not all sources show a periodicity. We observe long period variability in the flux density
of IRS 7, IRS 12N and IRS 28. Other sources show gradual increase or decrease, or irregular or
weakly defined variation in the flux density.
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Figure 5: Observed variability in the peak flux of the SiO maser sources. The small blue circles represent
the peak flux density observed in the ATCA dataset, while the peak flux density from the ALMA dataset is
shown with black triangle. The error bars are 10 rms noise in the channel in which the peak flux density is
observed.

High resolution and high sensitivity observations at 3 mm wavelength, such as with the ALMA
telescope and 3 mm-VLBI observations, would be crucial in the discovery of new and weaker
sources in the 30 arcsec of Sgr A*, as well as in obtaining accurate proper motion of the stellar
sources in the central parsec. Further observations in different frequency bands are necessary to
obtain a census of the stars in central cluster, and to discover new AGB stars, red supergiants and
YSOs in that region, which will help in improving our understanding of the nature of the central
stellar disk.
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