THE ASTROPHYSICAL JOURNAL, 834:139 (10pp), 2017 January 10

SERGIO A. DZIBI, LAURENT LOINARD'*

© 2017. The American Astronomical Society. All rights reserved.

RADIO MEASUREMENTS OF THE STELLAR PROPER MOTIONS IN THE
CORE OF THE ORION NEBULA CLUSTER

, Luis F. RODRIGUEZ> , LAURA Gomez™? ’6, JaN Forsrica’*®

MARINA A. KOUNKEL9 Awmy J. MIODUSZEWSKI10 LEE HARTMANN9 Joun J. ToBiN'""1?
! Max Planck Institut fiir Radioastronomie, Auf dem Hiigel 69, D-53121 Bonn, Germany; sdllb@mplfr bonn.mpg.de

, KARL M. MENTEN ",
, AND JUANA L. RIVERA>

doi:10.3847/1538-4357/834/2/139

CrossMark

1

2 Instituto de Radioastronomia y Astrofisica, Universidad Nacional Auténoma de México Apartado Postal 3-72, 58090, Morelia, Michoacdn, Mexico

” El Colegio Nacional, Donceles 104, 06020, México, DF, México
*Joint ALMA Observatory, Alonso de Cérdova 3107, Vitacura, Santiago, Chile
5 CSIRO Astronomy and Space Science, PO Box 76, NSW 1710 Epping, Australia

Depanamento de Astronomia, Universidad de Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile

University of Vienna, Department of Astrophysics, Trkenschanzstr. 17, 1180 Vienna, Austria

8 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

Department of Astronomy, University of Michigan, 500 Church Street, Ann Arbor, MI 48105, USA
9 National Radio Astronomy Observatory, Domenici Science Operations Center, 1003 Lopezville Road, Socorro, NM 87801, USA
! Homer L. Dodge ]l)zepartment of Physics and Astronomy, University of Oklahoma, 440 W. Brooks Street, Norman, OK 73019, USA

Leiden Observatory, Leiden University, P.O. Box 9513, 2300 RA Leiden, The Netherlands

Received 2016 September 4, revised 2016 November 4; accepted 2016 November 11; published 2017 January 11

ABSTRACT

Using multi-epoch Very Large Array observations, covering a time baseline of 29.1 years, we have measured the
proper motions of 88 young stars with compact radio emission in the core of the Orion Nebula Cluster (ONC) and
the neighboring BN /KL region. Our work increases the number of young stars with measured proper motion at
radio frequencies by a factor of 2.5 and enables us to perform a better statistical analysis of the kinematics of the
region than was previously possible. Most stars (79 out of 88) have proper motions consistent with a Gaussian
distribution centered on p, W, COS O = 107 :I: 0.09 masyr ', and Ms = —0.84 + 0.16 masyr ', with velocity
dispersions of g, = 1.08 + 0.07 mas yr— =127 £ 0.15 mas yr . We looked for orgamzed movements of
these stars but found no clear indication of radial expansion /contraction or rotation. The remaining nine stars in
our sample show peculiar proper motions that differ from the mean proper motions of the ONC by more than 3o.
One of these stars, V 1326 Ori, could have been expelled from the Orion Trapezium 7000 years ago. Two could be
related to the multi-stellar disintegration in the BN /KL region, in addition to the previously known sources BN, I
and n. The others either have high uncertainties (so their anomalous proper motions are not firmly established) or
could be foreground objects.

Key words: astrometry — radiation mechanisms: non-thermal — radiation mechanisms: thermal — radio continuum:

stars — techniques: interferometric

1. INTRODUCTION

The angular resolution of radio interferometers improves
proportionally with the longest baseline in the array. With
baselines of tens of kilometers, as with the Karl G. Jansky Very
Large Array (VLA), angular resolutions of order 0”1 are
possible around » = 10 GHz. This enables source positions to
be measured to about 0”01 even for moderate signal-to-noise
detections. In addition, interferometric radio observations are
usually phase-referenced with respect to background quasars
whose positions are accurately measured in the International
Celestial Reference Frame. Thus, although they are not strictly
absolute, the positions delivered by radio interferometers at
multiple epochs can be directly compared, and accurate proper
motions can be measured. Indeed, VLA observations with time
separations of several years have been used to measure proper
motions with errors of the order of 1.0 mas yr' (Loinard 2002;
Rodriguez et al. 2003; Dzib et al. 2014).

A significant fraction of Young Stellar Objects (YSOs) are
radio emitters thanks to two main mechanisms: thermal
bremsstrahlung (free—free) and non-thermal gyrosynchrotron
emission. Both classes can be observed with the VLA. Thus,
multi-epoch VLA observations can be used to accurately
measure the proper motions of YSOs. This is particularly
interesting because, unlike optical or near-infrared observations,

radio measurements are essentially immune to obscuration
by dust.

The Orion Nebula Cluster (ONC) is the nearest region
(d = 414 + 7 pc, Menten et al. 2007)"° having recently formed
massive stars. In the core of the ONC (Hillenbrand &
Hartmann 1998), there are two sub-regions of particular
interest: the Orion Trapezium and the Orion BN/KL region,
which is located behind the ONC. Together they cover an area
of a few square arcminutes. This area is also one of the most
crowded with YSOs emitting at radio frequencies (i.e.,
Churchwell et al. 1987; Garay et al. 1987; Zapata et al.
2004; Kounkel et al. 2014; Forbrich et al. 2016). Taking
advantage of these characteristics and using multi-epoch
observations, the proper motion of several objects were
measured by Gémez et al. (2005, 2008). Here we will expand
and improve this study by adding recent observations made
with the newly expanded VLA at similar frequencies and
resolutions as those used by Gémez et al. (2005, 2008). We
will use the new proper motions to study the overall Galactic
motion of the cluster, its internal kinematics, and to identify
radio sources with peculiar velocities. Finally, our study can be

13 Recent results of the Gould’s Belt Distances survey (GOBELINS) suggest a
smaller distance of 388 £ 5 pc (Kounkel et al. 2016a). This new value does not
affect our results significantly.
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Table 1
Trapezium-BN /KL Observations and Final Parameter of Maps

A Synthesized Beam rms Noise
Epoch (cm) Omaj "] % Oin["]: PAL°] (udy bm ™)
1985.05 6.0 0.43 x 0.35; —15 136
1991.67 3.6 0.26 x 0.25; =55 77
1995.56 3.6 0.26 x 0.22; +34 42
2000.87 3.6 0.24 x 0.22; 43 40
2006.36 3.6 0.26 x 0.22; -2 58
2011.50 5.0 0.30 x 0.27; +46 115
2011.56 5.0 0.47 x 0.24; —47 110
2011.66 5.0 0.33 x 0.25; =30 102
2012.76 4.0 0.22 x 0.20; =7 14
2014.17 5.5 0.44 x 0.29; —38 100
2014.17 33 0.25 x 0.18; —38 45

compared with kinematic studies at optical wavelengths of
radial velocities (Kounkel et al. 2016b) and proper motions
(Poveda et al. 2005).

2. OBSERVATIONS

We searched the VLA archive for deep (<150 uJy beam ™)
observations recorded in the most extended A configuration at
C band (4-8 GHz) and X band (8-12 GHz). The frequencies
and configuration were chosen as a compromise between
angular resolution (better than 0”5) and the area covered by the
field of view. These two bands are also the most sensitive of
the VLA.

Observations with these characteristics were found for the
following epochs (see also Table 1): 1985 January 19, 1995
July 2, 2000 November 13, 2006 May 12 (the observations up
to this date were previously analyzed by Goémez et al.
2005, 2008), 2011 July 2, 2011 July 24, 2011 August 29
(results of these observation were reported by Kounkel
et al. 2014), 2012 October 3 (Forbrich et al. 2016), and 2014
March 3 (archival data reported here for the first time). All
these observations used the quasar J0541-0541 as phase
calibrator, a source that is at an angular separation of 1°6
from the ONC core. We include an additional epoch, 1991
September 6, to more uniformly cover the time baseline of ~30
years between the first and last observed date. However,
the quasar J0501-019 was used as phase calibrator in this
epoch. The angular separation of this quasar from the ONC
core is 971. Such a large separation will affect the measured
positions for this epoch (e.g., Pradel et al. 2006). In fact,
Gomez et al. (2008) estimated a systematic offset in decl. of
AS§ = —07035 for this observation, which we will use here
as well.

Observations that were taken prior to the VLA expansion
in 2010 were calibrated, edited and imaged in AIPS as
described in Gémez et al. (2005, 2008). The remaining epochs
were processed similarly using the CASA software (McMullin
et al. 2007). Positions of the sources were obtained using a two-
dimensional Gaussian fit (task “imfit” in CASA). For epochs
2011.36, 2011.50 and 2011.56, in order to obtain a better noise
level than that reported by Kounkel et al. (2014), we combined
the two recorded sub-bands (each 1 GHz wide and centered,
respectively, at 4.5 and 7.5 GHz). Also, when a given source
was detected in several of the three epochs reported by
Kounkel et al. (2014), we use a weighted average of the
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positions, and a time-stamp corresponding to the weighted
mean of the corresponding epochs.

3. RESULTS

After measuring the positions of the sources in individual
epochs, we used them to compute their proper motions. In
order to obtain accurate results we restricted our proper motion
measurements to those radio sources with at least three
detections and a minimum separation between the first and
the last detected epochs of 5 years. A total of 92 sources fulfill
these requirements. This is more than twice than those
previously analyzed by Gomez et al. (2005). From these
sources, four are related to the explosive event in the BN/KL
region and will be discussed in a separate paper by Rodriguez
et al. (2017). Proper motions for the remaining 88 sources were
obtained using a least-squares fitting to the positions of the
sources. Systematic errors of the order of 10 mas were added to
the errors given by imfit, in order to obtain a reduced x? of one.
The systematic errors are expected to be dominated by
uncertainties introduced by the interpolation of the phase
calibration from the quasar to the targets field. The measured
proper motions are listed in columns 3 and 4 of Table 2 and
their distribution in the plane of the sky are shown in Figure 1.
From our sample, for 14 stars (16%) the proper motion
measurements are significant above 2-o in both directions
(R.A. and decl.), for 43 (49%) the proper motion in at least
one direction is above 2-o, while for 31 (35%) the measure-
ments are below 2-o in both directions. To highlight the
first two cases in Figure 1 we used different levels of
transparency when we draw the arrows. To calculate the
transverse velocities corresponding to these proper motions, we
use 1 masyr~!' = 1.96 kms ' as appropriate for the distance
(414 pc; Menten et al. 2007) to the ONC.

We now compare our results with previous results. In the top
panels of Figure 2, we show the comparison between our
measured absolute proper motion and those obtained by Gémez
et al. (2005) for the 35 radio sources that we have in common.
While most of the proper motions in R.A. agree within 1o, in
decl. there is a systematic shift. This systematic shift can be
attributed to the different quasar used in the 1991.68 epoch. As
we mentioned before, Gémez et al. (2008) found a systematic
shift in decl. of Aé = —07035 that was not used by Gémez
et al. (2005). To test our hypothesis we measured the proper
motion of the same 35 sources without epochs 1985.05 and
1991.68 and compare them with the proper motions from
Table 2, this comparison is shown in the bottom panels of
Figure 2. In this case we see that the vast majority of the proper
motions agree in both R.A. and decl. Thus, we confirm that it is
correct to use the Ad value found by Gémez et al. (2008) for
the epoch 1991.68.

From the same top panels of Figure 2, an improvement in the
error can be noticed between the old and new measurement of
proper motions. These improvements are on average of the
order of two. As can be seen in the Appendix, the proper
motion errors are expected to decrease with time as /2, in
ideal cases. Thus, by duplicating the time baseline we expect an
improvement in errors by a factor of 2.8. Differences between
the real improvements and those expected can be due to the
non-uniform sampling when observing and to different position
errors between the observed epochs.

Menten et al. (2007) used the Very Long Baseline Array
(VLBA) telescope to observe four non-thermal YSOs (GMR A,
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Table 2
Proper Motions of the Radio Sources in Orion
Absolute Orion’s Rest Frame
Other 1, €OS O 1s f, cos & Hs

VLA Name Name® (mas yr~1) (mas yr~1) (mas yr~!) (mas yr~!)
J053509.76-052128.2 COUP 342 —3.77 £ 2.96 —1.39 £ 3.85 —4.84 + 2.96 —0.55 £ 3.85
J053509.77-052326.9 V1326 Ori —13.23 £ 5.17 —0.54 + 1.96 —143 £ 5.17 03+ 1.97
J053510.65-052303.4 COUP 391 0.59 + 1.48 6.0 £+ 3.08 —0.48 + 1.48 6.84 + 3.08
J053510.73-052344.6 COUP 394 —0.46 + 0.93 1.96 £+ 0.97 —1.53 £ 0.93 2.8 +0.98
J053511.74-052351.6 COUP 443 492 +0.97 2.69 £+ 1.63 3.85 £ 0.97 3.53 + 1.64
J053511.80-052149.2 GMR A 1.63 + 0.89 —2.69 + 1.28 0.56 + 0.89 —1.85 £ 1.29
J053512.71-052353.1 1.06 + 2.47 —0.02 £ 4.3 —0.01 £+ 2.47 0.82 £ 4.3
J053512.78-052410.7 COUP 496 0.11 £ 1.64 1.83 £ 24 —0.96 + 1.64 2.67 £ 2.41
J053512.97-052330.0 COUP 509 —1.09 + 2.59 —4.1 + 1.81 —2.16 £ 2.59 —3.26 + 1.82
J053512.98-052355.0 COUP 510 1.93 £+ 1.46 —4.2 + 5.64 0.86 + 1.46 —3.36 + 5.64
J053513.11-052247.3 [B2000] j131-247 —0.37 £ 2.02 —0.7 £ 1.59 —1.44 £ 2.02 0.14 £ 1.6
J053513.21-052254.8 COUP 530 —1.08 + 0.65 —0.38 + 1.54 —2.15 £ 0.66 0.46 £ 1.55
J053513.41-052411.2 Zapata 10 0.17 + 0.88 —-0.95 £ 2.11 —0.9 + 0.88 —0.11 £ 2.12
J053513.59-052355.3 COUP 554 0.69 + 1.03 2.01 £ 1.16 —0.38 £ 1.03 2.85 + 1.17
J053513.93-052320.1 COUP 593 3.64 + 147 0.34 £ 0.78 2.57 £ 147 1.18 £ 0.8
J053513.97-052409.8 COUP 594 0.75 + 0.59 1.49 £+ 0.66 —-0.32 £ 0.6 2.33 + 0.68
J053514.03-052223.2 Zapata 11 —10.68 £+ 5.59 8.43 £+ 2.33 —11.75 £ 5.59 9.27 £ 2.34
J053514.14-052356.8 COUP 607 3.0 + 2.02 1.56 + 3.12 1.93 £ 2.02 24 + 3.12
J053514.16-052301.1 GMR C 1.36 £ 0.5 —0.88 + 0.92 0.29 £+ 0.51 —0.04 £ 0.93
J053514.33-052317.4 COUP 625 2.28 + 0.87 1.2 +£1.23 1.21 £ 0.87 2.04 +£1.24
J053514.50-052238.7 COUP 639 1.18 £+ 1.06 —0.91 £ 0.99 0.11 + 1.06 —-0.07 £ 1.0
J053514.55-052316.0 COUP 640 0.36 £+ 2.09 —7.86 + 6.72 —0.71 £ 2.09 —7.02 £ 6.72
J053514.61-052221.0 IRc 23 443 +£3.72 19.29 + 8.64 3.36 £ 3.72 20.13 + 8.64
J053514.65-052233.7 Parenago 1839 —6.63 £ 7.1 —2.37 £ 2.39 =77 +7.1 —153+24
J053514.66-052211.2 COUP 647 —2.09 +2.97 —-0.9 + 1.37 —3.16 £ 2.97 —0.06 + 1.38
J053514.69-052211.0 COUP 647 0.26 +£ 1.34 —2.14 +£ 142 —0.81 £ 1.34 —1.3+1.43
J053514.81-052304.8 MLLA 472 324 £ 0.73 —0.43 +1.28 2.17 £ 0.74 041 +1.29
J053514.90-052225.4 GMR D —0.05 + 1.07 —2.44 + 0.82 —1.12 £ 1.07 —1.6 £ 0.84
J053514.93-052329.0 COUP 671 1.44 + 1.68 2.67 £ 1.72 0.37 + 1.68 3.51 £ 1.73
J053514.95-052339.2 Parenago 1844 —0.54 + 1.96 —0.08 + 2.16 —1.61 £ 1.96 0.76 £ 2.17
J053515.03- 052231.1 MLLA 606 —1.77 £+ 8.47 —12.23 £ 3.75 —2.84 + 8.47 —11.39 + 3.75
J053515.21-052318.8 COUP 690 2.84 + 1.1 2.38 + 1.18 1.77 £ 1.1 322 £ 1.19
J053515.26-052256.9 Zapata 29 1.97 £ 091 —0.81 £ 0.98 0.9 £ 091 0.03 £+ 0.99
J053515.36-052321.4 MLLA 410 2.58 + 0.93 —0.88 £ 0.92 1.51 £ 0.93 —0.04 +0.93
J053515.36-052324.1 MLLA 391 0.19 + 1.0 —2.25 + 1.37 —-0.88 £ 1.0 —1.41 £ 1.38
J053515.38-052225.4 MLLA 630C 0.75 + 1.24 —9.28 + 3.88 —-032+1.24 —8.44 + 3.88
J053515.40-052240.0 [H97b] 20055 2.31 £ 1.01 0.49 + 1.2 1.24 £ 1.01 1.33 £ 1.21
J053515.44-052345.5 Parenago 1868 3.04 £ 0.84 —1.49 + 0.88 1.97 + 0.84 —0.65 + 0.89
J053515.52-052337.4 GMR 14 2.29 + 0.76 0.97 + 0.72 1.22 +£0.77 1.81 £0.74
J053515.73-052322.5 GMR 26 275 £ 0.44 —0.87 + 0.31 1.68 £ 0.45 —0.03 £ 0.35
J053515.77-052309.9 0" Ori E 1.67 £ 0.39 0.8 + 0.58 0.6 +£04 1.64 £ 0.6
J053515.80-052326.5 GMR 13 1.78 + 0.34 1.17 £ 0.5 0.71 £ 0.35 2.01 £ 0.52
J053515.83-052314.1 GMR 12 434 £ 0.22 —1.94 + 0.28 3.27 £0.24 —1.1 £0.32
J053515.84-052322.5 GMR 11 2.6 £ 0.27 —0.45 £ 0.42 1.53 +£ 0.28 0.39 £+ 0.45
J053515.85-052325.6 GMR 10 2.0 £ 0.29 —2.76 + 0.42 093 +0.3 —1.92 £ 045
J053515.88-052301.9 COUP 743 —0.65 + 1.64 —2.14 £+ 1.61 —1.72 £ 1.64 —1.3 +1.62
J053515.91-052338.0 GMR 24 3.78 £+ 0.59 —1.09 + 0.78 271 £ 0.6 —0.25 £ 0.8
J053515.91-052417.8 COUP 748 2.52 + 1.89 —0.05 £ 1.25 145 + 1.89 0.79 + 1.26
J053515.95-052349.8 GMR 9 0.6 + 04 —2.1 + 1.05 —047 £ 041 —1.26 £+ 1.06
J053516.00-052353.0 Zapata 46 3.67 £ 1.56 —0.15 £ 1.22 2.6 £ 1.56 0.69 + 1.23
J053516.07- 052324.4 GMR 8 2.04 +0.33 —2.97 £ 0.37 0.97 + 0.34 —-2.13+04
J053516.07-052307.0 GMR 15 0.54 £ 0.27 1.35 £ 0.6 —0.53 £ 0.28 2.19 £ 0.62
J053516.08-052327.8 GMR 22 2.56 £ 0.57 1.07 £ 0.33 1.49 £ 0.58 1.91 £ 0.37
J053516.10-052323.0 TCC 58 3.2 +0.94 —1.76 + 1.69 2.13 £ 0.94 —092 £ 1.7
J053516.11-052314.3 TCC 59 2.39 + 0.93 —0.47 £ 0.96 1.32 + 0.93 0.37 £ 0.97
J053516.29-052316.6 GMR 7 0.82 £ 0.23 0.24 £ 0.3 —0.25 +£ 0.25 1.08 + 0.34
J053516.33-052322.6 GMR 16 —1.56 + 0.36 1.54 £ 0.2 —2.63 £ 0.37 2.38 +£ 0.26
J053516.34-052249.0 Zapata 54 3.78 £ 0.78 —2.72 + 1.01 2.71 £ 0.79 —1.88 £ 1.02
J053516.38-052403.3 Parenago 1895 325+ 1.86 —0.99 + 1.49 2.18 + 1.86 —0.15£ 15
J053516.40-052235.2 GMR K —2.51 £ 0.89 124 £ 1.5 —3.58 £ 0.89 2.08 + 1.51
J053516.47-052322.9 A" Ori C 1.68 + 1.4 —3.01 £ 1.94 0.61 + 1.4 —2.17 £ 1.95
J053516.59-052250.3 MLLA 532 0.76 + 1.68 —2.34 + 1.39 —0.31 £+ 1.68 —-15+14
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Table 2
(Continued)
Absolute Orion’s Rest Frame
Other {1, COS & Hs Hy €OS O Hs

VLA Name Name® (mas yr~1) (mas yr~1) (mas yr~!) (mas yr~!)
J053516.62-052316.1 GMR 21 1.32 £ 0.67 —3.08 + 0.61 0.25 + 0.68 —2.24 +0.63
J053516.75-052316.5 GMR 6 1.19 £ 0.34 —1.64 + 047 0.12 + 0.35 —-0.8 £ 0.5
J053516.77-052404.3 V1279 Ori 0.13 £ 0.81 —1.66 + 2.47 —0.94 £+ 0.82 —0.82 £ 248
J053516.77-052328.1 GMR 17 0.24 + 0.44 —3.14 £ 0.35 —0.83 £ 045 —2.3 +£0.38
J053516.85-052326.2 GMR 5 —1.11 £ 0.37 —1.76 +£ 0.43 —2.18 +£ 0.38 —0.92 + 0.46
J053516.89-052338.1 Zapata 62 1.98 + 1.83 —2.05 £+ 1.71 091 + 1.83 —1.21 £ 1.72
J053516.97-052248.7 GMR E —0.66 + 0.66 —098 £ 0.5 —1.73 £ 0.67 —0.14 £ 0.52
J053516.98-052337.0 GMR 4 2.15 £ 0.46 0.41 £ 0.79 1.08 £ 0.47 1.25 £ 0.81
J053516.98- 052300.9 COUP 845 42+ 1.23 2.26 £+ 0.87 3.13 £ 1.23 3.1 £0.88
J053517.01-052233.0 V1333 Ori 0.53 £ 2.84 —3.01 £+ 2.58 —0.54 £ 2.84 —2.17 £ 2.58
J053517.07-052334.0 GMR 3 0.99 + 0.49 143 £+ 0.33 —0.08 £ 0.5 2.27 £ 0.37
J053517.33-052341.4 [H97b] 20009 3.76 £+ 0.69 0.04 £ 1.3 2.69 £ 0.7 0.88 + 1.31
J053517.35-052235.9 GMR L 1.12 £ 0.39 0.29 + 1.02 0.05 + 0.4 1.13 + 1.03
J053517.39-052203.6 MLLA 712 —3.81 + 1.88 —3.98 + 2.39 —4.88 + 1.88 —3.14 £ 24
J053517.47-052321.1 COUP 885 0.42 + 1.06 2.29 + 1.02 —0.65 £+ 1.06 3.13 +£ 1.03
J053517.48-052251.2 [H97b] 20031 2.0 + 0.89 2.32 £ 1.61 0.93 + 0.89 3.16 £ 1.62
J053517.56-052324.9 GMR 2 0.65 + 0.4 0.27 + 0.38 —0.42 £ 041 1.11 £ 0.41
J053517.68-052340.9 GMR 1 0.91 £ 0.67 —0.34 + 0.72 —0.16 £ 0.68 0.5 +£0.74
J053517.95-052245.4 GMR G 2.0 £ 0.58 1.73 £ 0.79 0.93 + 0.59 2.57 +£ 0.81
J053518.05-052330.7 GMR 19 1.26 £+ 0.58 —1.0 £ 0.7 0.19 + 0.59 —0.16 £ 0.72
J053518.24-052315.6 Zapata 75 1.59 £ 0.74 0.31 + 0.46 0.52 +0.75 1.15 £ 0.49
J053518.37-052237.4 GMR F 2.12 £ 0.72 1.07 £+ 0.63 1.05 + 0.73 1.91 £ 0.65
J053518.86-052141.2 Parenago 1924 —2.26 +£2.84 —1.16 £ 1.84 —333 £284 —0.32 £ 1.85
J053520.15-052228.2 COUP 1084 3.6 £ 1.6 246 + 145 253+ 1.6 33+ 146
J053520.72-052144.3 V1239 Ori 3.15 £ 3.59 3.54 + 4.09 2.08 £+ 3.59 4.38 + 4.09

Note.

% COUP—Getman et al. (2005), V—Kukarkin et al. (1971), GMR—Garay et al. (1987), [B2000]—Bally et al. (2000), Zapata—Zapata et al. (2004), IRc—Rieke et al.
(1973), Parenago—Parenago (1954), MLLA—Muench et al. (2002), and [H97b]—Hillenbrand (1997).

GMR 12, GMR G and GMR F) and obtained accurate astro-
metry for them. Our VLA astrometry for these sources is
consistent to better than 1.5 x ¢ with that reported by Menten
et al. (2007). The only exception is for the R.A. component of
the proper motion of GMR G, for which the VLBA value is
about twice the figure obtained with the VLA. Many VLBA-
detected YSOs belong to tight multiple systems (Ortiz-Le6n
et al. 2016). In some systems a close companion could cause
differences of measured proper motions between the VLA and
the VLBA, since the former will measure the total motion of
the system and the latter could be dominated by an orbital
motion component (e.g., Loinard et al. 2007). More recent
VLBA observations of GMR G by Kounkel et al. (2016a)
obtained different values for the proper motions than those
reported by Menten et al. (2007) suggesting that the motion of
the source is not uniform, perhaps due to a close companion.

4. ANALYSIS AND DISCUSSION
4.1. Mean Proper Motions and Velocity Dispersions

From the measured proper motion we obtained the mean
velocity along both axes (R.A. and decl.). This information is
then used to identify stars with large peculiar motions. As is
shown in Figure 3, stars with proper motions three or more
times above the mean proper motion values (red squares) are
subsequently not used for our internal kinematic analysis and
are discussed separately. These stars are also shown as red
arrows in Figure 1.

For the remaining stars the mean proper motions are:

t, c0s & =1.07 £ 0.09 mas yr—!,
T, =—0.84 + 0.16 mas yr— .

Compared with those obtained by Gémez et al. (2005), the
mean proper motion in R.A. agrees within errors. On the other
hand, the decl. value does not. As discussed in the previous
section, the results of Gomez et al. (2005) were affected by a
systematic shift in this coordinate for the 1991.68 epoch
(Gbémez et al. 2008). We attribute the differences to this shift.
We argue that the values quoted above represent the bulk
relative motion between the ONC and the Sun.

The transformation of the mean proper motions to the
Galactic coordinate system yields

pcosb =122 £ 0.17 mas yr |,
I, = 0.58 & 0.11 mas yr— .

The theoretical values of proper motions expected for a source
in Orion, can be derived from a Galactic rotation model and
compared with our results. To estimate this expected motion,
we assume, first, that the stars move in circular orbits around
the Galactic center with an LSR speed of 254 kms~' (Reid
et al. 2009). Second, we adopt a solar motion relative to the
LSR of (U, V, W) = (11.10, 12.24, 7.25) kms~" (Schénrich
et al. 2010). Finally, we assume that the Sun is at a distance of
8.4 kpc from the Galactic center (Reid et al. 2009). From this
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central region.

Galactic rotation model the expected Galactic proper motions
for stars at the position of Orion are:

p; cos b(exp) =1.39 + 0.05 mas yr—!,
1, (exp) = —0.02 £ 0.02 mas yr~ .

Thus, the average proper motion in Galactic longitude of
Orion is consistent with those expected from models of
Galactic rotation. In Galactic latitude there is a peculiar motion
of 0.60 + 0.12masyr~! = 1.18 + 0.24 kms™' toward the
Galactic plane.

Having measured the mean proper motion of the central
ONC, we subtracted it from the individual measured proper
motions to calculate the proper motions of the sources in the
rest frame of the ONC (Figure 4). The dispersion (o) of these
proper motions (after correction for the errors of measurement
following Jones & Walker 1988) are:

o, = 1.08 & 0.07 mas yr*1 =212+ 0.13kms~ |,
0s =127 £ 0.15mas yr ' =249 + 029 km s ..

The velocity dispersion values are lower than those
found by Gémez et al. (2005) for their radio sources analysis
which are Oq,GRL2005 = 2.3 £ 0.2 mas yI'71 and 0J5,GRL2005 =
3.1 & 0.2 mas yr~!. The differences in the results can be
attributed to the different number of analyzed sources and to
the fact that Gémez et al. (2005) did not correct for the errors
of measurement. Our measured velocity dispersions are in
agreement with the velocity dispersions found by Jones &
Walker (1988) from optical observation of o, jwigs =
0.91 + 0.06 mas yr~! and o w1903 = 1.18 & 0.05 mas yr—".
Our computed velocity dispersions are also similar to the
stellar radial velocity dispersion in the ONC of oy, ~ 2.5
kms ™! (Kounkel et al. 2016b). Finally, they are also similar
to the velocity dispersion on the plane of the sky of the ONC
ionized gas of opos >~ 3 &= 1 km s~!, but significantly lower
than the velocity dispersion along the line of sight of the ONC

jonized gas ois =~ 6 £ 1 kms ™' (Arthur et al. 2016). How-
ever, the latter could be affected by large velocity gradients
and emissivity fluctuations along the line of sight (Arthur
et al. 2016).

4.2. The Internal Kinematics

According to the review of Muench et al. (2008, p. 483),
there is some conflict between results of studies of the
kinematics of stars in Orion. Some authors (e.g., Pare-
nago 1954; Strand 1958; Fallon et al. 1977) have claimed
evidence of expansion or contraction, but it has also been
claimed that these results are due to observational errors (e.g.,
Vasilevskis 1962, 1971; Allen et al. 1974). Furthermore, given
the velocity dispersions, one would expect the ONC core to be
virialized and not contracting nor expanding motions are
expected (e.g., Hillenbrand & Hartmann 1998).

Using our measured proper motions, we searched for
evidence of organized motions, specifically for expansion (or
contraction) and rotation. First, we will use the proper motions
of the radio sources relative to the Orion rest frame that are
listed in columns 5 and 6 of Table 2. We follow Rivera et al.
(2015) and define the vectors ry, 7 and dvy for the position, the
unit vector associated to the position, and the velocity for each
star with respect to the center of the group. The cross products
Px X vy and the dot products 7 - vy are calculated individu-
ally for all the stars. The mean values of the cross and dot
products can be used to search for organized movement. In a
purely radial movement the mean cross product is expected to
be zero, while the mean dot product will be large (positive for
expansion and negative for contraction). On the other hand, for
pure rotation the mean cross product will be large and the mean
dot product is zero. For the YSOs in Orion we obtained:

Fe X OV =0.7 £ 03kms!, and
P 6ve=—01+03kms L
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These numbers are small in comparison with the velocity
dispersion, so our results do not point toward the existence of
organized motions in the central ONC. In particular there are
no signs of expansion or contraction and this result agrees with
previous discussions by Vasilevskis (1962, 1971) and Allen
et al. (1974).

4.3. Fast Moving Sources

Stars with large peculiar velocities have been reported in the
Orion Trapezium-BN/KL region in the past. The more
interesting case is found in the BN/KL region where three
stars (sources BN, I, and the two components related to

source n) were suggested to participate in a dynamical decay
event around 550 years ago (Gémez et al. 2005, 2008;
Rodriguez et al. 2005, 2017), this event could also be related to
the explosive phenomenon in the BN/KL region (Bally &
Zinnecker 2005). Two other stars were proposed to be ejected
from the Orion Trapezium and one more was proposed to be
ejected from the molecular core [TUK93] 28 a few thousand
years ago (Poveda et al. 2005). The proposed mechanism that
produce these fast moving sources is n-body interactions
(Poveda et al. 1967). We will use our results to identify new
candidates to fast moving sources in this region.

From the 88 radio proper motion reported in this paper, we
found that, in addition to the four sources in the Orion BN/KL
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region, nine present proper motion significantly different from
the rest of the radio sources in the core of the ONC (Figure 1).
These sources are: V 1326 Ori, COUP 391, COUP 640,
Parenago 1839, MLLA 606, MLLA 630C, MLLA 712,
Zapata 11 and IRc 23. The measured proper motions of
COUP 640 and Parenago 1839 are below 1-0, and thus they
are not significant. We now discuss what could be the origin of
the peculiar proper motions of the remaining fast moving
sources.

First, we check if these sources are foreground objects (e.g.,
Alves & Bouy 2012). Sources at closer distances than Orion
will have larger proper motions than sources that are actually
part of this region. From the Galactic rotation model described
above we obtained the expected proper motions of sources in
the direction to Orion at different distances (Table 3). From this
table we note that stars at closer distances will have larger and
more negative proper motion in decl., while in R.A. the proper
motion will be small and positive. Comparing these figures
with the measured motions of our high peculiar proper motion
sources, we conclude that MLLA 606 and MLLA 630C could
be sources at a closer distance to the Sun than the Orion
system. Due to their large errors, however, it is not possible to
favor any distance, and in fact within errors these sources could
also be part of the Orion system.

The proper motion vector of V 1326 Ori is one of the largest
in our sample. Interestingly, these motions suggest that in the

past it was closer to the densest region of the Trapezium group
(see Figure 1). Thus, this source could have been ejected
around 7000 years ago from the Trapezium maybe also via n-
body interactions. The proper motions of this source in the rest
frame of the ONC correspond to a linear velocity of
28.0 + 10.8kms ™.

The source Zapata 11 is 175 southwest from the famous BN
source and it was first noticed by Menten & Reid (1995), who
suggested that it is a jetlike extension of this source. The
measured proper motion of Zapata 11 are comparable with
those of BN (Gémez et al. 2008; Rodriguez et al. 2017; see also
Figure 5) and there is no significant evidence that it is moving
away rapidly from BN. Thus Zapata 11 could be, instead, a
companion of BN, although the separation between the two
(~621 au) seems somewhat large for sources in the region (for
example see the discussion by Petr et al. 1998). Additional
observations could help to distinguish between these two
hypotheses. On the other hand, source IRc 23 is located ~775
northeast of BN. It was first reported at radio frequencies by
Forbrich et al. (2016)"* with a spectral index that suggests non-
thermal emission. Extrapolating the proper motions of IRc 23
to 550 years in the past it appears to agree, within the errors,
with the position where sources BN, I, and n were then

4y was, however, clearly detected before by Menten & Reid (1995) and by
Gomez et al. (2008). These last authors mislabeled it as source D in their
Figure 2.
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Table 3
Expected Proper Motions in the Direction to Orion from Galactic Rotation
Model at Different Distances

Distance gy s

(pe) (mas) (mas)
100 2.10 £ 2.30 —9.96 + 1.17
200 1.11 £ 0.80 —4.20 + 0.40
300 0.79 £0.28 —2.29 £0.15
400 0.63 £ 0.04 —1.35 £ 0.04

(Figure 5). However, due to the large uncertainties, the relation
of IRc 23 with the other sources in BN/KL needs to be
investigated further.

Finally, the sources COUP 391 and MLLA 712 have proper
motions with large uncertainties, and within errors they are also
consistent within three times the mean proper motion, our
criteria to select fast moving sources. Future observations could
help to decide if these objects have large peculiar motions
or not.

5. CONCLUSIONS

Using observations with the VLA radio interferometer that
span 29.1 years, we measured the absolute proper motions of
88 YSOs with radio emission in the Orion Trapezium-BN/KL
region. The analysis of these proper motions let us reach the
following conclusions:

1. The mean proper motions of the Orion Trapezium-BN/
KL regions are /i, cosd = 1.03 £ 0.10 mas yr~! and
By = —0.82 £ 0.16 mas yr~!. These proper motions
agree within errors with those expected from Galactic
rotation curves, with only a small peculiar motion of
1.14 + 024 kms ™' toward the Galactic plane.

2. The calculated velocity dispersions are o, =
212 £ 0.13kms™!, o5 =249 + 0.29kms~!. These
values are in agreement with those obtained at optical
wavelengths from proper motions by Jones & Walker

Ad (")

-10 1 1 1 1

Aa (")

Figure 5. Arrows indicate the direction and proper motion displacement for
100 years, in the rest frame of the Orion radio sources. The dotted and dashed
lines indicate the projected movement and errors, respectively, for the last 550
years of sources Zapata 11 and IRc 23. Proper motions of sources BN, I and n
were taken from Rodriguez et al. (2017). The origin coordinates are R.A. =
05"35M14541; decl. = —05°22/28"1; the mean position of sources BN, I and n
on their closest approach around 550 years ago (Rodriguez et al. 2017).

(1988), stellar radial velocities by Kounkel et al. (2016b),
and from gas radial velocities by Arthur et al. (2016).

3. The kinematics of the sources do not show evidence for
expansion, contraction, or rotation of the ONC.

4. The large proper motions measured for V 1326 Ori
indicate that it could be a runaway star, and the proper
motion vector suggests that it might have been ejected
from the Orion Trapezium around 7000 years ago.
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5. Extrapolating the proper motions of radio sources Zapata
11 and IRc 23 to 550 years in the past, we find that their
positions are close to the intersecting position of sources
BN, I and n, the massive stars that participated in a
dynamical disintegration. Source Zapata 11 could be
either a companion or a slow ejecta of BN.

6. The proper motions of six other radio sources also
indicate large peculiar motions. However, within the
errors they could also follow the bulk kinematics of the
other sources in the region. For two of them, however, the
proper motions could be more naturally explained if they
were objects along the line of sight to, but at a smaller
distance than, the ONC.

The astrometric radio studies of the Orion Trapezium-BN/
KL region appears promising for the future, since Forbrich
et al. (2016) detected a total of 556 compact radio sources in
this region. With additional new high resolution and high
sensitivity radio observations distributed in the next decade, it
will be possible to measure the proper motion of these
hundreds of sources and perform a comprehensive internal
kinematic study of YSOs in the densest region of Orion.
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APPENDIX
IMPROVEMENT OF THE ERRORS IN PROPER MOTION
DETERMINATIONS AS A FUNCTION OF TIME

The least-squares fitting to the positions of a source as a
function of time is a linear regression problem. Following Press
et al. (1992), the position x in either R.A. or decl. is described
as a function of time ¢ as:

x=a + bt, 1)

where a is the intercept of the line with the x-axis and b is the
slope. If we have a set of N data points (7;, x;) we can define the
following sums:

N—-1

NZlq t;
Z—z —
i=0 0 i

i=0 0

N—
-5
(2)

N—-1 l2

; Nfltixi
Su = Zl_z S = Z? 3)
i=0 Yi

i=0 0

In these sums o; is the error associated to each x; value.
Additionally defining

A= SStr - (Sz)27 (4)
the best fit model parameters are given by:

_ Stth - StSt,\:

X , )

DziB ET AL.
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Finally, the errors of the parameters are given by:
S
Oy = |—, 7
A (N
S
o= |—. 8
b A (3)

To simplify the calculations we will assume that the
measurements are made evenly in time:

t =0, Ar, 2At, 3At,...,(N — D As, 9

where At is the time interval between measurements. We also
assume that the error of each measurement is the same:
0 = o. (10)

With these simplifications, three of the sums listed above are
given by:

N—1
§— Lz _ ﬁz (11)
i=0 0 a
N—1
i NWN-1
S = L= At 12
f ;00? = (12)
N2 eN—DHW - DIV) 5
Su= Yy == > (An)°. (13)
i=07i 60

In Equations (12) and (13) we have used the formulae for the
addition of the natural numbers and the addition of the squares
of the natural numbers, respectively. Equation (4) can be
approximated by:

NZ(NZ - 1)
1204

where we have assumed that N2 >> 1. Finally, substituting in
Equations (7) and (8) we obtain:

Su _ 4
a — 15
o ,/ ’/N 5)
12
“ =3 "Xl w 1

In summary, the error in the intercept will decrease as
time~'/2, while the error in the slope will decrease as time3/2.
Thus, duplicating the time coverage will improve the
determination of proper motions by an important factor of 2.8.

4
A =SSy — (S = a2~ N (ar, (14)
1204
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