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ABSTRACT
We are conducting a Jansky Very Large Array (VLA) Ka-band (8 mm and 1 cm) and C-band (4 cm and 6.4 cm)
survey of all known protostars in the Perseus Molecular Cloud, providing resolution down to ∼0. 06 and ∼0. 35
in the Ka band and C band, respectively. Here we present first results from this survey that enable us to examine
the source NGC 1333 IRAS2A in unprecedented detail and resolve it into a protobinary system separated by
0. 621 ± 0. 006 (∼143 AU) at 8 mm, 1 cm, and 4 cm. These two sources (IRAS2A VLA1 and VLA2) are likely
driving the two orthogonal outflows known to originate from IRAS2A. The brighter source IRAS2A VLA1 is
extended perpendicular to its outflow in the VLA data, with a deconvolved size of 0. 055 (∼13 AU), possibly tracing
a protostellar disk. The recently reported candidate companions (IRAS2A MM2 and MM3) are not detected in
either our VLA data, Combined Array for Research in Millimeter-wave Astronomy (CARMA) 1.3 mm data, or
Submillimeter Array (SMA) 850 μm data. SMA CO (J = 3 → 2), CARMA CO (J = 2 → 1), and lowerresolution CARMA CO (J = 1 → 0) observations are used to examine the outflow origins and the nature of the
candidate companions to IRAS2A VLA1. The CO (J = 3 → 2) and (J = 2 → 1) data show that IRAS2A MM2
is coincident with a bright CO emission spot in the east–west outflow, and IRAS2A MM3 is within the north–south
outflow. In contrast, IRAS2A VLA2 lies at the east–west outflow symmetry point. We propose that IRAS2A VLA2
is the driving source of the east–west outflow and a true companion to IRAS2A VLA1, whereas IRAS2A MM2
and MM3 may not be protostellar.
Key words: binaries: general – ISM: individual objects (NGC 1333) – protoplanetary disks – stars: formation –
stars: protostars

Many studies have sought to characterize multiplicity during the protostellar phase of the star formation process. The
youngest identifiable protostars are the Class 0 sources, characterized by a dense envelope of gas and dust surrounding the
central object (Andre et al. 1993). Class I protostellar systems
are more evolved, having envelopes that are substantially less
optically thick and have a smaller reservoir of mass. The formation of a circumstellar disk also takes place in the Class 0 and
I phases due to conservation of angular momentum during collapse (Cassen & Moosman 1981). Finally, there are also Class II
sources, pre-main-sequence stars with an infrared excess above
the stellar photosphere indicative of a proto-planetary disk, and
Class III without an infrared excess. (Lada 1987).
Looney et al. (2000) conducted one of the first large censuses of multiplicity toward Class 0 protostars, finding a
high incidence of multiplicity toward Class 0 protostars on
∼1000 AU scales. Similarly, Connelley et al. (2008) found that
the more evolved Class I protostars also have a high degree
of multiplicity, in excess of the field stars. A more recent

1. INTRODUCTION
The formation of binary and multiple star systems is a
common outcome of the star formation process. The multiplicity
frequency of field stars is a strong function of spectral type, with
higher fractions of multiple systems in early-type stars compared
to late-type stars. For example, nearly all O stars, about half of
all solar-type stars, and about 35% of M stars are multiples,
with multiplicity declining into the brown dwarf regime (Sana
& Evans 2011; Raghavan et al. 2010; Lada 2006; Duchêne &
Kraus 2013). The even higher multiplicity fractions observed
in young star forming regions like Taurus suggest that binary
formation is commensurate with star formation (Kraus et al.
2011).
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parently originating from IRAS2A in a single-dish CO map,
and Engargiola & Plambeck (1999) more clearly resolved the
outflows with a BIMA CO (J = 1 → 0) map of the region. The
two outflows have long been regarded as evidence for a close
multiple (Jørgensen et al. 2004b) given the similarities to other
multiple outflow protobinaries (e.g., L723; Carrasco-González
et al. 2008; Girart et al. 2009). While several high-resolution
studies failed to identify a close companion (Looney et al. 2000;
Maury et al. 2010), recent Plateau de Bure Interferometer (PdBI)
observations of IRAS2A detected the main protostellar source
and two candidate companion sources in maps of 1.4 mm dust
continuum emission, denoted MM1, MM2, and MM3 (Maury
et al. 2014; Codella et al. 2014a). MM1 is the brightest source
and the candidate companions to MM1 are separated by 2. 4
(MM2) and 2. 5 (MM3), respectively. Although both MM2 and
MM3 were detected at 1.4 mm, only MM2 was also detected
at 3.2 mm. Thus, Codella et al. (2014a) considered MM2 as
protostellar and MM3 as a possible outflow feature.
In this paper, we present new VLA Ka-band and C-band
continuum observations toward IRAS2A, with unprecedented
angular resolution and sensitivity. We detect a new component
separated from the main source by <1 in our VLA data at
8 mm, 1 cm, and 4 cm. In contrast, neither MM2 nor MM3
are detected in our VLA data or complementary 1.3 mm and
850 μm imaging. We describe the observations in Section 2,
the continuum imaging results are discussed in Section 3, the
flux densities and spectral indices in Section 4, and discuss the
sources in the context of the outflows in Section 5. The results
are discussed in Section 6, and our conclusions are summarized
in Section 7.

high-resolution study of 5 Class 0 protostars by Maury et al.
(2010) did not detect any binary sources between 150 AU and
550 AU; these results combined with those of Looney et al.
(2000) and Connelley et al. (2008) lead the authors to suggest
that multiplicity increased from the Class 0 to Class I phase. On
the other hand, a larger Class 0 sample examined by Chen et al.
(2013) found the opposite trend, that multiplicity is highest in
the Class 0 phase and decreases with evolution (see PPVI review; Reipurth et al. 2014). Despite recent progress, the Chen
et al. (2013) sample was limited by non-uniform resolution,
non-uniform sensitivity, and a large mean linear resolution of
600 AU, which is much larger than the median field star separation of ∼50 AU. These limitations make inferences on the
origin of multiplicity difficult from the current data.
The dominant modes of multiple system formation are (1)
the fragmentation of the core or envelope during collapse due
to turbulence and/or rotation in the envelope (e.g., Inutsuka
& Miyama 1992; Burkert & Bodenheimer 1993; Offner et al.
2010; Boss & Keiser 2013, 2014) and (2) the fragmentation of
a rotationally supported accretion disk via gravitational instability (e.g., Bonnell & Bate 1994a, 1994b; Kratter et al. 2010;
Vorobyov & Basu 2010). Disk fragmentation will preferentially
form relatively close binaries, while turbulent/rotational fragmentation can form relatively wide multiples that may (or may
not) evolve to smaller separations. Both routes point to formation early in the star formation process when there is still
a significant mass reservoir available. Since Class 0 sources
have large massive envelopes that obscure most radiation shortward of 10 μm, high-resolution millimeter/centimeter imaging
is needed to reveal multiple systems.
To characterize the multiplicity of protostellar systems in
a systematic manner, we are using the Karl G. Jansky Very
Large Array (VLA) to conduct the VLA Nascent Disk and
Multiplicity (VANDAM) survey toward all known protostars in
the Perseus molecular cloud. Perseus is one of the nearest star
forming regions at a distance of ∼230 pc (Hirota et al. 2008,
2011). This survey is being conducted at four wavelengths:
8 mm/1 cm (Ka band) and 4 cm/6.6 cm (C band). The best
resolution of the survey is ∼0. 06 (14 AU) in Ka band, with
observations in both A and B configurations. The C-band data
were taken only in the A configuration, yielding ∼0. 35 (80 AU)
resolution. The Ka-band observations toward protostars are
typically sensitive to a combination of thermal dust emission
and thermal free–free emission from protostellar jets, and the
C-band data are sensitive to thermal free–free emission and
non-thermal synchrotron emission (if present; Anglada 1995).
We observed all the reported protostars in the Enoch et al.
(2009) Spitzer Space Telescope survey in addition to millimeterdetected sources (Enoch et al. 2010; Chen et al. 2010; Pineda
et al. 2011; Schnee et al. 2012; Hirano et al. 1999) and some
far infrared sources detected by the Herschel Space Observatory
Gould Belt Survey of Perseus (e.g., Pezzuto et al. 2012; Sadavoy
et al. 2014).
Many of the best studied and most luminous protostars are
located in the NGC 1333 sub-region of Perseus. NGC 1333
IRAS2A (hereafter IRAS2A), in particular, has received intensive study of its multiplicity (Looney et al. 2000; Maury et al.
2010), outflows (Sandell et al. 1994; Engargiola & Plambeck
1999; Sandell & Knee 2001; Wakelam et al. 2005; Plunkett
et al. 2013; Codella et al. 2014a; Walker-Smith et al. 2014),
chemistry (Jørgensen et al. 2004a, 2005; Maury et al. 2014),
and kinematics (Brinch et al. 2009; Maret et al. 2014). Sandell
et al. (1994) found two nearly orthogonal bi-polar outflows ap-

2. OBSERVATIONS
2.1. VLA Observations
We observed IRAS2A with the VLA in Ka band in the B and
A configuration on 2013 November 4 and 2014 February 21,
respectively. The Ka-band observations were taken in three-bit
mode, providing 8 GHz of bandwidth that are divided into 64
sub-bands, each with 128 MHz bandwidth and 2 MHz channels and full polarization products. We centered one 4 GHz
baseband at 36.9 GHz and the other at 28.5 GHz. IRAS2A was
observed in B configuration within two 3.5 hr scheduling blocks
(one pre-transit and one post-transit), sharing a track with two
other sources. The A configuration data were obtained in a 3 hr
scheduling block shared with only one other source. 3C48 and
3C84 were observed as the absolute flux and bandpass calibrators, respectively. The science observations were conducted
in fast-switching mode to compensate for the rapid atmospheric
phase variations, alternating between the science target and gain
calibrator (J0336+3218) with a total cycle time of 2.5 minutes;
pointing solutions were updated once every 50 minutes. The
total time on source was ∼60 minutes in the B configuration
and ∼35 minutes in the A configuration.
The C-band data were taken on 2014 March 16 in eightbit mode, yielding 2 GHz of bandwidth divided into sixteen
128 MHz sub-bands with 2 MHz channels and full polarization.
We centered one baseband at 4.7 GHz and the other at 7.3 GHz.
This setup avoids radio frequency interference between 4.0 GHz
and 4.2 GHz and sensitivity degradation near the band edges.
The scheduling block was 3 hr long and shared observations
with another field. We observed 3C48 as both the absolute flux
density and bandpass calibrator for 10 minutes, then the gain
calibrator, J0336+3218, for 1 minute and the science fields for
2
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9 minutes. The total time on source for each science field was
∼60 minutes. Pointing updates were not necessary in the C band
due to the large primary beam.
The data were reduced using CASA 4.1.0 and version 1.2.2
of the VLA pipeline. Flags applied include sub-band edges
and the online flags generated by the VLA system. We carried out additional data editing by examining the gain, phase,
and bandpass calibration solutions. We flagged the calibration
solutions that did not follow expected trends and then applied
these flags to the calibrated measurement set using the applycal task in flagonly mode, which flags the science data without
accompanying or flagged calibration solutions. The data were
imaged using the clean task in multi-frequency synthesis mode
with a mask drawn close to the source emission in the dirty
map down to a level twice the rms noise. When imaging the
full bandwidth of the two widely separated basebands in the
Ka band and C band, we used the nterms = 2 option for clean.
With this option, the sky brightness is modeled as a linear combination of Gaussian-like functions with amplitudes defined by
Taylor polynomials as a function of frequency. For imaging of
the individual basebands (4 GHz for the Ka band and 1 GHz for
the C band) we only used nterms = 1 due to the lower fractional
bandwidth. Imaging was performed iteratively, cleaning and
rechecking the image for new sources apparent after cleaning
the brightest sources; this step was especially important for the
C-band data which had numerous extragalactic sources dominating the dirty maps. The absolute flux calibration uncertainty
of the VLA data sets is ∼10%.

2.3. SMA Observations
Observations of IRAS2A in CO (J = 3 → 2) line emission and 850 μm continuum were obtained with the Submillimeter Array (SMA; Ho et al. 2004) in both the compact
and extended configurations on 2004 October 17 and 2006
January 8, respectively, providing projected baselines ranging
from approximately 5–220 m. These data were previously published in Jørgensen et al. (2005) and Brinch et al. (2009) for the
compact and extended configurations, respectively. The correlator was configured to provide 256 channels in the 104 MHz
band, providing a channel separation and total bandwidth of
0.35 km s−1 and 90 km s−1 , respectively. Bright, nearby quasars
were used for bandpass and gain calibration following standard
calibration procedures, and the absolute flux calibration is accurate to ∼20%. The data were inspected, flagged, and calibrated
using the MIR software package16 and imaged, cleaned, and restored using the MIRIAD software package configured for the
SMA.17
3. CONTINUUM IMAGING RESULTS
The continuum emission from IRAS2A is detected at both
the Ka band and C band. Figure 1 shows the detection emission
toward IRAS2A for the Ka band (9 mm) and C band (4 cm and
6.4 cm) from the A-configuration observations or the combined
A and B configuration data. Additionally, Figure 1 also includes
a zoom-in of the 9 mm image using only A-configuration data.
Both 9 mm images show a clear detection of a secondary source
separated by 0. 621 ± 0. 006 (∼143 AU), and this secondary
source is detected with a signal-to-noise ratio (S/N) of 41 (A+B
combined image); see Table 1. We designate the brighter source
as IRAS2A VLA1 (hereafter VLA1) and the new, fainter source
as IRAS2A VLA2 (hereafter VLA2). The positions of VLA1
and VLA2 are 03:28:55.5695, +31:14:37.020 and 03:28:55.563,
+31:14:36.41, respectively, and are derived from Gaussian fits
to the A+B combined 9 mm image shown in Figure 1. The 4 cm
image also shows the two sources, though the secondary source
is only detected with S/N ∼ 5 and it is located within 1/4 beam
of the Ka-band position. VLA1 is detected at 6.4 cm, but VLA2
is undetected at 6.4 cm. The non-detection of VLA2 at 6.4 cm
is consistent with a declining spectral index (see Section 4).
The 9 mm images show extended structure in the vicinity
of VLA1. The A+B combined image shows some faint diffuse
emission extending northwest of VLA1, and the A-array image
shows that the source appears extended perpendicular to its
outflow direction (see Section 5 for discussion of the outflows).
Gaussian fits to the 9 mm image of VLA1 yields a deconvolved
position angle of 111.◦ 6, nearly perpendicular to the outflow (see
Table 1); the 8 mm and 1 cm images alone also have consistent
position angles. Thus, in addition to resolving a close companion
source (VLA2), we are also resolving compact structure toward
VLA1. VLA2 does not appear to have significant resolved
structure with our current resolution.
The main continuum source, VLA1, is spatially coincident
with the brightest millimeter source MM1 as identified by
Codella et al. (2014a). The secondary sources detected by
these authors (MM2 and MM3), however, are not detected in
either the Ka band or C band. Codella et al. (2014a) measured
MM2 to have a peak 1.4 mm intensity of 15 mJy beam−1 and
to be unresolved; they also claim a detection at 3.2 mm of

2.2. CARMA Observations
We observed IRAS2A with the Combined Array for Research
in Millimeter-wave Astronomy (CARMA), located in the Inyo
Mountains of California in B and C array configurations. The
C-array data were taken on 2013 October 20 and 21, and the
B-array data were taken on 2013 December 17. The B-array
data were taken during a move to a more compact configuration
with only with eight antennas operating (six 10.4 m and two
6.1 m). The central frequency was 225 GHz, the correlator was
configured for single polarization, and all 8 windows were
configured for 500 MHz continuum with 15 channels each.
The flux calibrator was MWC349, and 3C84 was both the
bandpass and gain calibrator. The C-array data were taken
in dual-polarization mode with a single 500 MHz continuum
window and the other three windows configured for spectral
line observations; in dual-polarization mode the total number
of independent spectral windows is halved. The spectral lines
observed were 12 CO, 13 CO, and C18 O (J = 2 → 1), but only the
12
CO data are discussed in this paper. The C-array data observed
Uranus as the flux calibrator and 3C84 as both the bandpass and
gain calibrator. The data were edited, calibrated, and imaged
using the Multichannel Image Reconstruction, Image Analysis,
and Display (MIRIAD) software package (Sault et al. 1995); see
Tobin et al. (2013) for further details on CARMA data reduction.
The absolute flux calibration uncertainty of the CARMA data
sets is ∼10%–20%.
We also utilized subsets of two archival CARMA D and
E-array data sets in this study: 1.3 mm continuum and CO
(J = 2 → 1) data obtained as part of the TADPOL project and
described in Hull et al. (2014) and 3 mm CO (J = 1 → 0) data
presented by Plunkett et al. (2013). The observations and data
reduction are discussed in the relevant publications.

16
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Figure 1. NGC 1333 IRAS2A system as observed by the VLA at 9 mm (top panels), and 4 cm and 6.4 cm (bottom panels). The top left panel shows the 9 mm
image from the A and B configurations combined, while the zoom-in shown in the right panel is from the A-array only giving the highest resolution. The two sources
separated by 0. 621 ± 0. 006 (∼143 AU) are clearly resolved in the 9 mm images; in the A+B combined 9 mm image, the brighter source (IRAS2A VLA1) has an S/N
of 206 and the secondary (IRAS2A VLA2) has an S/N = 41. The sources are fainter at 4 cm, with VLA1 and VLA2 only having an S/N of 18.5 and 5.4, respectively.
The source VLA1 appears resolved perpendicular to the outflow direction, possibly tracing a disk. The asterisk and star symbols mark the positions of MM2 and MM3,
respectively (Codella et al. 2014a). These sources are not detected in our VLA data. The beam at 9 mm is 0. 12 × 0. 11 and 0. 08 × 0. 07 for the A+B and A-only
images, respectively. The beam at 4 cm and 6.4 cm is 0. 35 × 0. 3 and 0. 55 × 0. 47, respectively. The contour levels in the A-configuration 9 mm image are [−6, 6, 9,
12, 15, 20, 30,. . .] × σ and σ = 8.6 μJy beam−1 . The contour levels in the 4 cm and 6.4 cm images are [−3, 3, 4, 5, 7, 9, 11, 13, 15] × σ and σ = 3.8 μJy beam−1
and 4.5 μJy at 4 cm and 6.4 cm, respectively. The crosses in the lower panels mark the positions of VLA1 and VLA2 derived from the 9 mm images in the top panels.

2 mJy beam−1 giving a spectral index (α) of 2 to 2.5 (we will
use the convention of Sλ ∝ λ−α throughout this paper). However,
their 3.2 mm map suggests that this 3.2 mm detection is tentative.
Extrapolating the MM2 flux densities to 8 mm with α = 2.0
(2.5), the expected peak intensity is 0.46 (0.19) mJy beam−1
(assuming unresolved emission). The rms noise of our Ka-band
image is 8.4 μJy beam−1 ; thus, MM2 should be detected with
S/N = 55 (22.5) for α = 2.0 (2.5). MM3 has a peak 1.4 mm
intensity of 21 mJy beam−1 and was not detected at 3.2 mm,

indicating a α  4. This source would fall below our sensitivity,
but Codella et al. (2014a) did not claim a protostellar origin for
this source, despite it being brighter than MM2.
Our non-detections with the VLA are not necessarily surprising, given that Maury et al. (2010) did not detect MM2 or
MM3 at 1.3 mm in observations of IRAS2A with higher spatial
resolution and comparable sensitivity (σ = 1.16 mJy beam−1 ).
Furthermore, Chen et al. (2013) did not detect MM2 or MM3
in 850 μm SMA data despite having sufficient resolution and
4
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Table 1
NGC 1333 IRAS2A Measurements

Wavelength
(mm)

Array
Config.

Integrated Flux
Density
(mJy)

Peak Flux
Density
(mJy beam−1 )

Gaussian
Size
( )

Gaussian
P.A.
(◦ )

Deconvolved
Size
( )

Deconvolved
P.A.
(◦ )

Robust

87.5
134.9
112.2
107.9
111.9
111.29
112.0
117.0
92.1
76.9
72.3

0.81 × 0.74
0.34 × 0.26
0.054 × 0.036
0.055 × 0.033
0.056 × 0.038
0.054 × 0.032
0.058 × 0.036
0.054 × 0.030
0.18 × 0.11
0.23 × 0.11
...

152
147
110.6
109.0
113.9
111.6
117.8
117.9
125
79
...

...
97.6
91.5
106.1
83.8
102.5
62.4
...
...
...

...
0.049 × 0.032
0.042 × 0.031
...
...
...
...
...
...
...

...
39
68
...
...
...
...
...
...
...

Beam
( )

Beam
P.A.
(◦ )

−2
1
2
2
2
2
2
2
2
2
2

0.87 × 0.60
0.45 × 0.33
0.11 × 0.10
0.07 × 0.06
0.12 × 0.11
0.08 × 0.07
0.13 × 0.12
0.09 × 0.08
0.35 × 0.30
0.41 × 0.36
0.55 × 0.47

84.5
−50.7
−66.7
−73.9
−69.6
−69.3
−72.7
−64.7
78.4
75.2
78.5

1
2
2
2
2
2
2
2
2
2

0.45 × 0.33
0.11 × 0.10
0.07 × 0.06
0.12 × 0.11
0.08 × 0.07
0.13 × 0.12
0.09 × 0.08
0.35 × 0.30
0.41 × 0.36
0.55 × 0.47

−50.7
−66.7
−73.9
−69.6
−69.3
−72.7
−64.7
78.4
75.2
78.5

VLA1
0.85
1.3
8.15
8.15
9.1
9.1
10.3
10.3
40.5
49.6
63.8

EXT+COMP
BC
AB
A
AB
A
AB
A
A
A
A

701 ± 38
143.0 ± 4.5
1.69 ± 0.014
1.73 ± 0.019
1.42 ± 0.012
1.44 ± 0.012
1.13 ± 0.01
1.14 ± 0.014
0.096 ± 0.005
0.077 ± 0.004
0.0588 ± 0.004

361 ± 4.6
96.6 ± 1.5
1.43 ± 0.0084
1.23 ± 0.013
1.23 ± 0.0056
1.09 ± 0.0086
0.99 ± 0.0071
0.91 ± 0.012
0.079 ± 0.0038
0.066 ± 0.0034
0.054 ± 0.005

1.15 × 0.99
0.56 × 0.42
0.13 × 0.11
0.090 × 0.071
0.14 × 0.12
0.096 × 0.079
0.15 × 0.13
0.10 × 0.085
0.39 × 0.33
0.47 × 0.38
0.68 × 0.43
VLA2

1.3a
8.15
8.15
9.1
9.1
10.3
10.3
40.5
49.6
63.8

BC
AB
A
AB
A
AB
A
A
A
A

10.0 ± 2.8
0.316 ± 0.014
0.328 ± 0.017
0.247 ± 0.01
0.263 ± 0.01
0.220 ± 0.01
0.221 ± 0.012
0.015 ± 0.004
0.008 ± 0.003
<0.0015

9.7 ± 1.5
0.276 ± 0.0084
0.248 ± 0.013
0.245 ± 0.0059
0.229 ± 0.0086
0.213 ± 0.0071
0.203 ± 0.012
0.023 ± 0.0038
0.0125 ± 0.0034
<0.0015

...
0.12 × 0.11
0.082 × 0.071
0.12 × 0.11
0.084 × 0.076
0.14 × 0.12
0.091 × 0.082
...
...
...

Notes. All flux measurements are from Gaussian fits to the images at each wavelength, except for the peak flux densities which are directly taken from the images.
We do not give uncertainties on the Gaussian fit parameters for the sake of brevity. The 1σ RMS noise for each image can be found in the uncertainty of the peak flux
density. Note that the wavelengths are listed with higher precision than in the text.
a Due to the faintness of the source we fixed the source parameters to match the beam and we only allowed the flux to vary.

sensitivity. The lack of detection in our VLA data combined
with these facts prompted us to further investigate the nature of
MM2 and MM3.
The left panel of Figure 2 shows a 1.3 mm CARMA
continuum image of IRAS2A consisting of data from the B-,
C-, and D-arrays with tapering and robust weighting applied. No
point-like emission is observed toward MM2 or MM3 despite
having sufficient sensitivity to detect them at a level better
than 8σ , although the 1.3 mm emission is extended toward
their locations. We show a higher-resolution 1.3 mm image in
Figure 2 that is still sensitive enough to detect MM2 and MM3
at better than 10σ .18 These data also have sufficient resolution
to resolve VLA2 and there is emission at the position of VLA2
at the 5σ level, slightly extended from VLA1. We caution that
this is a very tentative detection of VLA2 at 1.3 mm, and higher
sensitivity imaging is necessary to clearly resolve and detect
VLA2 at millimeter wavelengths.
SMA 850 μm images of IRAS2A are shown in Figure 3;
these images are derived from the same data presented by Chen
et al. (2013; Figure 5). Like the CARMA 1.3 mm data, no
point-like emission toward the locations of MM2 and MM3 is
detected. MM2 and MM3 have expected peak flux densities at
850 μm of 40.3 mJy beam−1 and 72 mJy beam−1 , respectively,
assuming α = 2.0. In the highest-resolution image, we do detect
extended emission at the location of MM2 with a peak intensity
of ∼15 mJy beam−1 , but this is much fainter than expected from

the observations of Codella et al. (2014a). We also note that Chen
et al. (2013) suggested a different companion source, and we do
not find evidence for this source in our VLA or CARMA data.
4. FLUX DENSITIES AND SPECTRAL INDICES
The flux densities of IRAS2A VLA1 and VLA2 were measured using Gaussian fits to the images at each wavelength from
850 μm to 6.4 cm using the CASA task imfit (see Table 1).
The Gaussian fits were performed simultaneously for the two
sources at wavelengths between 1.3 mm and 4 cm; single source
fits were conducted for 850 μm and 6.4 cm. For the 1.3 mm fit
to VLA2, it was also necessary to fix the source position and
assume that it is unresolved. We also included the 2.7 mm continuum flux from Looney et al. (2000) to better constrain the
thermal dust slopes; VLA1 was detected in these data and an
upper limit is provided for VLA2. We have used these data to
plot the radio spectra of these sources in Figure 4, where the
Ka-band flux densities are taken from the A+B combined imaging. The broad wavelength coverage is dominated by thermal
dust emission at the short wavelength end and free–free continuum at the long-wavelength end. We have attempted to decompose the radio spectra into their free–free and thermal dust
components, assuming that the emission spectrum of both can
be described by power laws.
We used the mpfit routines (Markwardt 2009) to perform
a two-component linear fit to the data. In addition to the
statistical uncertainty, we adopt an additional 25% uncertainty
at 1.3 mm and 850 μm, 10% uncertainty at 8 mm, 9 mm, and
1.03 cm, and 5% uncertainty at 4 cm, 4.9 cm, and 6.4 cm.
Larger uncertainties are assumed at the shorter wavelengths

18

The lower resolution has less sensitivity because it does not completely
recover the extended envelope emission, leading to imaging artifacts with
larger amplitudes than at higher resolution.
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Figure 2. NGC 1333 IRAS2A system as observed by CARMA at 1.3 mm. A lower-resolution image reconstructed from a combination of B, C, and D configuration
data with Robust = 0 weighting and 0. 5 tapering is shown in the left panel. A higher-resolution image is shown in the right panel, combining B and C configuration
data with Robust = 1 weighting and 0. 3 tapering. The crosses mark the positions of VLA1 and VLA2 derived from the 9 mm images in Figure 1. The 5σ contour
in the right panel encompasses the location of VLA2. The asterisk and star symbols mark the positions of MM2 and MM3, respectively (Codella et al. 2014a). The
images do not show evidence of emission at the locations of MM2 and MM3; MM2/MM3 should have been detected with ∼8σ /11.8σ in the lower-resolution image
and with greater S/N in the higher-resolution image. The contour levels are in the left and right panels are [−3, 3, 5, 7, 9, 11, 13, 15, 20, 25, 30, 35, 40, 45, 50,
60,. . .] × σ , see the respective panels for values of σ . The beam in the left panel is 1. 13 × 0. 93, and the beam in the right panel is 0. 45 × 0. 33.

Figure 3. NGC 1333 IRAS2A system as observed by the SMA at 850 μm. A lower-resolution image is reconstructed from a combination of Compact and Extend
configuration data with Robust = 2 weighting and 1. 0 tapering is shown in the left panel. A higher-resolution image is shown in the right panel Robust = 2 weighting
and no tapering. The crosses mark the positions of VLA1 and VLA2 derived from the 9 mm images in Figure 1. Like Figure 2, these images also do not show
evidence of discrete sources at the locations of MM2 and MM3 marked by the asterisk and star symbols, respectively. MM2/MM3 have expected detection levels of
∼9.7σ /17.3σ in the higher-resolution image. The contour levels are in the left and right panels are [−3, 3, 5, 7, 9, 11, 13, 15, 20, 25, 30, 35, 40, 45, 50, 60,. . .] × σ ,
see the respective panels for values of σ . The beam in the left panel is 1. 04 × 0. 89, and the beam in the right panel is 0. 87 × 0. 60.

because of greater calibration uncertainty and sensitivity to
dust emission from larger scales than probed by the VLA.
The 850 μm data will also include flux from both sources,
but VLA2 is apparently much fainter than VLA1 at shorter
wavelengths.

For VLA1, where we had the most available data, we first
simultaneously fit the data using a two-component linear fit
(method 1; described above). We also fitted the slopes in a two
step process where we used the 4 cm and 6.4 cm data alone
to derive a spectral slope of the free–free emission (method 2;
6
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Table 2
IRAS2A Spectral Slopes

Free–free Slope
F0 (free–free)
Thermal dust slope
F0 (dust)

VLA1
(Fixed Free–Free)

VLA1
(No Fixed Parameters)

VLA2
(Fixed Thermal Slope)

VLA2 (λ > 7 mm)
(No Fixed Parameters)

1.1 ± 0.19
4.9 ± 3.5
2.8 ± 0.08
379 ± 59

0.8 ± 0.4
1.5 ± 2.5
2.6 ± 0.14
316 ± 60

1.7 ± 0.12
9.8 ± 3.2
3.0
8.2 ± 1.0

1.7 ± 0.09
10.2 ± 2.0
...
...

Notes. The spectral slopes are defined by the convention Fλ = F0 (λ/λ0 )−α , where α is the spectral slope and λ0 = 1 mm. The VLA2
(λ > 7 mm) values are from a single slope fit to the λ > 7 mm data, obtaining a similar slope to the fit with a fixed thermal slope.

to weaker emission and non-detections at both the shortest
and longest wavelengths. We were only able to perform a
simultaneous fit of the thermal and free–free components
because the source was not detected at 6.4 cm. The thermal slope
is poorly constrained, and the source appears to be dominated by
free–free emission at λ  2 mm. To better constrain the free–free
slope, we assumed a thermal component with a fixed spectral
index of −3.0 (this is similar to that of VLA1 and implies
a dust opacity spectral index of 1 in the optically thin limit),
comparable to previous observations of young stellar objects
(Rodmann et al. 2006; Melis et al. 2011; Tobin et al. 2013). We
also fit a single slope to all the VLA data (λ > 7 mm), and we
find a slope equivalent to the free–free slope derived from the fit
with a fixed thermal dust power law. In both cases, the free–free
emission is >50% of the total continuum flux to λ ∼ 1 mm.
The centimeter-wave spectral indices (α) are 1.1 ± 0.19 and
1.7 ± 0.15 for VLA1 and VLA2, respectively. These spectral
indices are consistent with previous observations of free–free
emission toward protostellar objects, with moderately optically
thick emission (Anglada et al. 1998; Shirley et al. 2007). The
spectral indices for VLA1 and VLA2 indicate optical depths
of ∼0.9 and ∼2 at 4 cm, respectively (Anglada et al. 1998,
Equation (6)). Note that our flux densities at 4 cm for VLA1
differ by a factor of ∼2 from the values at 3.6 cm (0.22 mJy)
given in Rodrı́guez et al. (1999) and Reipurth et al. (2002);
however, the 6 cm flux density in Rodrı́guez et al. (1999) is
consistent with our 6.4 cm measurement. Spatial filtering is not
likely the cause of the discrepancy at 4 cm because Reipurth
et al. (2002) also observed VLA1 in the A-configuration and
VLA2 is too faint to cause the difference. Thus, the source may
be exhibiting intrinsic variability. Due to the lower flux density at
4 cm, the spectral index we measure at centimeter wavelengths
is significantly smaller than the value of 2.6 ± 0.4 found by
Rodrı́guez et al. (1999).

Figure 4. Millimeter to centimeter-wave spectra of IRAS2A VLA1 and VLA2
using the integrated intensity data from Table 1. The dotted line is a fit to the
free–free slope (using only the 4 cm and 6.4 cm data for VLA1), the dashed line
is a fit to the thermal dust emission slope, and the solid line is the sum of the
thermal dust emission and free–free component. The 2.7 mm points for VLA1
and VLA2 are the integrated flux density and 3σ upper limits from Looney
et al. (2000); the 2.7 mm flux of VLA1 is used in the fit. The 4 cm and 4.9 cm
points for VLA2 are the peak flux densities rather than the integrated flux due
to low signal to noise. For unresolved sources, like VLA2, the peak flux density
is equivalent to the integrated flux.

5. OUTFLOW DRIVING SOURCES
Sandell et al. (1994) first observed the two orthogonal outflows driven from IRAS2A, but their single-dish maps could
not identify the driving sources. Interferometric maps of CO
(J = 1 → 0) emission were observed by Engargiola & Plambeck (1999), suggesting a very close protobinary driving the
two outflows from IRAS2A. Figure 5 shows the large-scale CO
(J = 1 → 0) outflows using the data from Plunkett et al.
(2013). These data clearly show the well-collimated east–west
outflow and a wider, less-collimated north–south outflow.
The 4.5 μm emission from Jørgensen et al. (2006; grayscale
in Figure 5) agrees well with the outflow axes defined from the
CO emission for the north–south flow. The east–west flow has
some tenuous 4.5 μm emission associated with the blueshifted
lobe. We adopt a position angle (P.A.) of 281◦ for the east–west
outflow and a P.A. of 201◦ for the north–south outflow, using the

implicitly assumes no dust is contributing at those wavelengths).
We then used the free–free slope as a fixed parameter and fit the
slope of the thermal dust emission. The result from the two-step
process is shown in Figure 4. We note that both methods yield
consistent slopes within the uncertainties (see Table 2). The
simultaneous fits yield shallower slopes for both the thermal
dust and free–free emission than the two-step fits. We adopt
the free–free spectral index of 1.1 from the 4 cm to 6.4 cm fit
(method 2) as the most reliable. Thus, the relative contributions
of thermal dust emission to the continuum emission at 8 mm,
9 mm, and 1.03 cm are 53%, 43%, and 29%, respectively.
The spectral indices of VLA2 were more difficult to derive
accurately for both the dust and free–free components due
7
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Figure 5. Blueshifted and redshifted CO (J = 1 → 0) contours from Plunkett et al. (2013) overlaid on the Spitzer 4.5 μm image (grayscale) from Jørgensen et al.
(2006). The cross marks the position of VLA1 derived from the 9 mm image in Figure 1. The CO emission traces the large-scale outflow emission associated with
the IRAS2A system, showing the quadrupolar outflow from the source. The contours are [−10, 10, 20, 30,. . .] × σ and σ = 0.61 K and 0.76 K for the blue and red
integrated intensity maps, respectively. The beam is 6. 3 × 5. 2. The CO emission is integrated over 0.5 km s−1 to 6.5 km s−1 (blue contours) and 9.7 km s−1 to
13.5 km s−1 (red contours). The dashed box shows the region that viewed in CO (J = 2 → 1) and (J = 3 → 2) in Figure 6.

component is unclear due to blending with the blueshifted
component of the north–south outflow. Imaging only the higherresolution CO (J = 3 → 2) did not conclusively reveal a
blueshifted lobe near VLA2. In addition to these morphological
arguments, it is known that the bolometric luminosity of a
protostar is related to the outflow energy (Bontemps et al.
1996; Wu et al. 2004), and the centimeter-wave luminosity
(3.6 cm and 6 cm) is also correlated with Lbol and the outflow
energy (Curiel et al. 1989; Anglada 1995; Shirley et al. 2007).
Furthermore, Plunkett et al. (2013) found that the north–south
outflow had six times more energy than the east–west outflow.
These relationships are consistent with VLA1 (brighter at
all wavelengths) being the driving source of the north–south
outflow and VLA2 driving the less energetic east–west outflow.

convention of the P.A. being the angle of the blueshifted lobe
east of north. The P.A. of each outflow is defined by drawing
vectors that align as closely as possible to the CO (J = 2 → 1)
and CO (J = 3 → 2) emission maps shown in Figure 6.
The smaller-scale outflow emission is highlighted in Figure 6
using higher-resolution CO (J = 2 → 1) and CO (J = 3 → 2)
emission. The higher resolution and higher excitation lines
show that the north–south outflow becomes well-collimated
on smaller scales, and the east–west outflow remains more
narrow and well-collimated. VLA1 is clearly located at the
base of both the blueshifted and redshifted emission from the
north–south outflow. Similarly, VLA2 is located near the origin
of the east–west outflow and is in close proximity to the base of
the redshifted emission. However, the base of the blueshifted
8
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Figure 6. Blueshifted and redshifted CO (J = 2 → 1) from a combination of CARMA C, D, and E-array observations with Robust = 0 weighting (left) and SMA CO
(J = 3 → 2) from a combination of Compact and Extended configurations with Natural weighting (right). Both outflow maps are overlaid on the CARMA 1.3 mm
continuum image (grayscale). The crosses mark the positions of VLA1 and VLA2 derived from the 9 mm images in Figure 1. These higher excitation CO lines,
observed at higher resolution, trace the outflowing material closer to the protostars and show that there are departures from outflow symmetry on small scales relative
to the larger scale outflow axis. The asterisk and star symbols mark the positions of MM2 and MM3, respectively, from Codella et al. (2014a). Note that MM2 lies
exactly in a bright spot of CO emission traced by both transitions, and MM3 is in the blueshifted lobe of the north–south outflow. The contours are [−5, 5, 10, 15, 20,
30,. . .] × σ for the red and blueshifted emission in both the left and right panels. The rms noise values are 0.81 K, 0.74 K, 0.88 K, and 0.77 K for the blue and red CO
(J = 2 → 1) integrated intensity maps in the left panel and the blue and red CO (J = 3 → 2) integrated intensity maps in the right panel, respectively. The beams
are 2. 1 × 1. 7 in the left panel and 1. 7 × 1. 4 in the right panel. The CO (J = 2 → 1) emission is integrated over 2.75 km s−1 to 5.75 km s−1 (blue contours) and
9.75 km s−1 to 12.5 km s−1 (red contours); the CO (J = 3 → 2) emission is integrated over 1.0 km s−1 to 5.75 km s−1 (blue contours) and 9.7 km s−1 to 13.0 km s−1
(red contours).

data presented herein provide evidence for the origin of the
IRAS2A system.
The VLA data have enabled us to convincingly resolve
IRAS2A into two sources separated by only ∼143 AU. At
8 mm and 1 cm, the dust is expected to be optically thin, and
the data are sensitive to a combination of dust and free–free
emission, possibly helping sources to stand out even if their dust
emission is faint. At 4 cm the continuum should be dominated by
free–free emission originating from the base of the protostellar
jets (Anglada 1995). IRAS2A VLA2 highlights the utility of
probing multiple emission mechanisms, because the CARMA
1.3 mm data with high enough resolution to resolve the binary
show only very faint emission toward the position of VLA2. This
is an indication that this source has much less circumstellar dust
than VLA1. On the other hand VLA2 is quite bright at 8 mm
and 1 cm due to free–free emission but still fainter than VLA1.
The detection of free–free emission is strong evidence for the
presence of a protostellar object because free–free emission is
thought to be associated with shocks at the base of the jet, within
∼10 AU of the protostar (Anglada et al. 1998). However, a lack
of detected free–free emission is not evidence against a source
being protostellar.
Recent PdBI results from Codella et al. (2014a) and Maury
et al. (2014) detected two source candidates (MM2 and MM3)
within 2. 5 of IRAS2A in dust continuum emission at 1.4 mm.
However, we did not detect these sources in our VLA data,
despite the estimated flux density of MM2 being within our
sensitivity limit at 8 mm. Moreover, any source driving an
outflow strong enough to produce shocked emission at its
position would naively be expected to have free–free emission
associated with it at 4 cm. MM2 and MM3 were also undetected

The source MM2 from Codella et al. (2014a) is spatially
coincident with the peak of the redshifted CO emission in both
maps (see Figure 6). This position is also consistent with the
redshifted SiO peak and near the SO peak found by Codella
et al. (2014a). The position of MM2 is inconsistent with the
origin of the redshifted east–west outflow, being offset to the
east and slightly south of the apparent origin in the CO emission.
The non-detection of MM2 in any of our continuum data and
placement within the east–west outflow suggests that this source
is not likely the driving source of the east–west outflow and that
it may not be protostellar in nature. Similarly, MM3 also resides
within the blueshifted north–south outflow from IRAS2A and
is located near the peak of CO (J = 3 → 2) emission, and we
agree with Codella et al. (2014a) that it is not likely protostellar.
The placement of VLA1 at the apparent north–south outflow
origin coupled with its greater centimeter luminosity indicates
that it is most likely the driving source of the north–south
outflow. VLA2 is at the base of the redshifted lobe of the
east–west outflow. The lower outflow energy of the east–west
outflow and the weaker centimeter luminosity of VLA2 makes
this source the most likely candidate to drive the east–west
outflow.
6. DISCUSSION
The multiplicity of IRAS2A is important on its own and in
the context of the origin of protostellar multiplicity. It is often
observed as a prototypical source for envelope structure, infall,
tracers, chemistry, and outflow shocks and the multiplicity of
this source may have implications for the interpretation of these
observations. As we discuss below, the novel high-resolution
9
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deconvolved size of this disk-like structure is quite small, just
0. 055 (∼13 AU) in diameter. Thus, if this is indeed a disk
surrounding VLA1, it is about 10 times smaller than the other
known Class 0 disks (Tobin et al. 2012; Murillo & Lai 2013;
Lindberg et al. 2014; Codella et al. 2014b). We emphasize that
if we are detecting the protostellar disk in the Ka-band data, we
may not be capturing its full extent. This could be due to surface
brightness sensitivity limits and possibly the distribution of dust
grain sizes within the disk itself. More evolved proto-planetary
disks are found to be more compact at 8 mm than when viewed
at shorter wavelengths due to grain growth and radial drift of
dust grains (Pérez et al. 2012), and this process can already be at
work in the protostellar phase (Birnstiel et al. 2010). Therefore
the actual size of the disk could be larger than the structure
we resolve with the VLA. However, the CARMA 1.3 mm data
presented in Figure 2 and SMA 850 μm data in Figure 3 do not
have indications of a disk >100 AU in diameter.
The position angle of the disk-like structure is also in
nearly the same direction as the velocity gradient observed
in methanol emission by Maret et al. (2014). However, the
methanol emission was not thought to be associated with
the protostellar disk due to its kinematics being inconsistent
with Keplerian rotation. Furthermore, the size of the methanol
emitting region was 0. 44 (deconvolved), about eight times
larger than the disk-like structure. Brinch et al. (2009) had also
investigated the kinematics of IRAS2A and found no strong
evidence of rotation on ∼200 AU scales. Thus, it seems likely
that the disk around IRAS2A is smaller than ∼200 AU and
perhaps comparable to the size we measure for the disk-like
object. Of course, future sub/millimeter observations of both
dust continuum and molecular lines at high resolution will be
crucial to the further characterization of the disk around this
source.

at 1.3 mm and 850 μm. There is 3σ emission at the position
of MM2 at 850 μm that appears as part of the structure
extending from IRAS2A, and it is below the expected intensity
level. Thus, it is clear that caution should be exercised when
interpreting continuum maps in which only ∼10%–20% of the
total continuum flux is recovered, and the non-detections of
MM2 and MM3 at any wavelength in this study indicates that
these sources may be spurious.
Numerous other studies with the PdBI also failed to detect MM2 and MM3, despite having sufficient sensitivity and
angular resolution (Coutens et al. 2014; Persson et al. 2012,
and Private Communication with those authors). Furthermore,
Maury et al. (2010) observed IRAS2A with higher resolution
and sensitivity than Codella et al. (2014a) but did not detect
either source. Maury et al. (2010) also reported a source ∼6
southeast of IRAS2A (called IRAS2A SE), and we do not detect
it in any of our data as well.
The fact that we see emission extended toward the positions
of MM2 and MM3 at 850 μm and 1.3 mm suggests that their
detections could result from spatial filtering artifacts of extended
envelope emission. For example, the uv plane of the PdBI is
sparsely sampled with at most 15 baselines per configuration.
Another possibility is that these are outflow-induced continuum
features resulting from shock-heating (e.g., Maury et al. 2010),
given that they are located near bright CO emission (Figure 4)
and at the location of SiO and SO emission (Codella et al.
2014a). However, protostellar outflow shocks are not expected
to efficiently heat dust (Draine et al. 1983; Hollenbach &
McKee 1989). Nevertheless, if the features did result from
outflow shock-heating we would still expect to detect the outflow
features at 1.3 mm, 850 μm, and 8 mm since the emission would
still be from dust. It is possible that the VLA could be filtering
out this emission, but this emission would not be filtered in the
1.3 mm and 850 μm images that we presented in Figures 2 and 3.
Line-contaminated continuum could also explain these sources
and their close association with outflow and shock features.
Codella et al. (2014a) had sufficient spectral resolution in their
continuum bands to identify line-free regions of the continuum,
but the spectral line maps shown in Figure 4 of Maury et al.
(2014) have point-like emission features that appear coincident
with MM2 and MM3 for several molecular lines, notably several
methanol and formaldehyde transitions.
In summary, MM2 and MM3 have not been detected in
any other continuum data set available from a multitude of
observatories spanning wavelengths shorter and longer than
the observations of Codella et al. (2014a). Their association
with extended envelope emission in our 1.3 mm and 850 μm
continuum data and multiple line emission features in Maury
et al. (2014) lead us to conclude that MM2 and MM3 are
most likely not protostellar sources. We suggest that the driving
source of the north–south outflow is VLA1, and the driving
source of the east–west outflow is likely VLA2. Despite the high
resolution of our observations, there is still significant blending
of the outflow components and higher-resolution and highersensitivity data will be needed to definitively disentangle the
outflow driving sources.

6.2. Origin of IRAS2A System
The mechanism by which binaries form remains a subject of
debate. Current theoretical work suggests two dominant mechanisms for the formation of multiple systems: fragmentation on
cloud or filament scales (Burkert & Bodenheimer 1993; Bonnell
& Bastien 1993; Padoan & Nordlund 2002; Offner et al. 2010)
or on disk scales (Bonnell & Bate 1994a; Kratter et al. 2010;
Zhu et al. 2012). Fragmentation on core scales is likely due
to turbulence (although early work considered rotation), while
fragmentation on disk scales is due to gravitational instability.
Both disk fragmentation and core fragmentation are likely to
contribute to protostellar multiplicity in different environments
and for different stellar masses. Because of the small projected
separation (∼143 AU), the IRAS2A system naively seems a
good candidate for the disk fragmentation scenario. However,
the outflows tell a different story. If the outflow from each component of the IRAS2A system is perpendicular to the (inner)
disk surrounding each protostar, as expected from the currently
favored magneto-centrifugal mechanism for outflow generation
(Blandford & Payne 1982; Frank et al. 2014), the disk around
the VLA2 should be perpendicular to that of the VLA1. The
large relative inclination suggests that the two do not share the
same net angular momentum vector, as would be expected if the
stars formed in the same protostellar disk.
The turbulent fragmentation model is somewhat more consistent with the data. Turbulent fragmentation typically occurs on
larger scales, ∼1000 AU, however, separation evolution down
to ∼100 AU on timescales of 104 yr is observed in simulations (Offner et al. 2010). If the binary underwent substantial

6.1. A Compact, Embedded Disk Around IRAS2A VLA1?
The continuum emission of IRAS2A VLA is clearly resolved
perpendicular to the outflow as shown in Figure 1. Furthermore,
Gaussian fits to the data all indicate that the source is resolved
and extended perpendicular to the outflow, a possible indication
that we have detected a compact disk surrounding VLA1. The
10
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velocity redshifted SO on the blueshifted side of the outflow
(Codella et al. 2014a, their Figures 1 and B.2). In the case of the
CO emission, the blueshifted emission near VLA2 could simply
be blended with the emission from VLA1. Codella et al. (2014a)
suggested that the lack of a strong blueshifted component near
the protostellar source may be due to monopolar jet activity
or the jet driving into an inhomogeneous medium where the
blueshifted side is not readily apparent. This statement may
hold even for the case of VLA2 being the driving source.
The bright lump of CO emission associated with the position
of MM2 and the SiO and SO emission in Codella et al. (2014a)
is also slightly offset from the main axis of the larger scale flow
(see Figure 6). The offset of the redshifted emission near the
protostar, relative to the larger scale east–west flow, could result
from outflow precession, where the more recent ejection events
have a slightly different axis than the previous episodes. There
is some evidence for blueshifted emission being offset to the
north from the larger scale east–west flow, but this is offset from
the protostar along the outflow by ∼1000 AU. Alternatively, the
shift in the outflow could be due to the orbital motion of VLA2
around VLA1. This is plausible because the time required for an
outflow of 10–100 km s−1 to propagate 1000 AU is ∼50–500 yr,
and the orbital period of VLA2 would be ∼1700 yr, assuming
VLA1 has a mass of 1 M and the semi-major axis is equal
to the current separation. Thus, during the course of outflow
propagation, VLA2 could have moved through enough of its
orbit to exhibit a change in direction. This depends on the
combined mass of VLA1 and VLA2 and the orbital parameters.

migration, one might expect to see it reflected in changes to the
outflow, which we do not observe. The blueshifted side of the
east–west outflow that we associate with VLA2 extends ∼0.1 pc
(90 ). Assuming a typical outflow velocity between 10 km s−1
and 100 km s−1 (e.g., Frank et al. 2014) the dynamical age of
the outflow could be between 1000 yr and 10,000 yr. This calculation assumes that the outflow is exactly in the plane of the sky.
Since the outflow is observed closer to edge-on than face-on
(Plunkett et al. 2013), the inclination correction would likely be
a factor of ∼2. The relatively constant outflow direction over
the last 1000–10,000 yr suggests that the orbital migration has
been smooth and/or slow enough to preserve the orientation.
Such smooth motion rules out dynamical interaction with another body as the means to decrease the separation. The concept
of “orbital evolution” for such systems can be somewhat misleading: shrinking separations can occur because the relative
velocities are convergent due to global collapse of the birth core
or filament. Such evolution will not necessarily cause precession
of the star + disk angular momentum vector.
Alternatively, the strong outflow may have only began to be
driven after much of the orbital evolution to its current location
had finished. A system with a combined mass of 1 M and
a semi-major axis of 142 AU would have an orbital period of
∼1700 yr. If this orbit is highly elliptical, then the bulk of the
orbit will be spent at distances far from the dominant component
(assumed to be VLA1), and it is possible that the apparent
outflow direction would not be appreciably changed. The small
“wiggle” observed in the outflow on scales <1000 AU could
possibly result from movement of VLA2.
Another possibility, albeit unlikely, is that IRAS2A is simply
a superposition of two sources along the line of sight, and the
true separation is much larger than the projected separation.
However, the peak surface density of young stellar objects
in NGC 1333 is ∼200 pc−2 (Gutermuth et al. 2008), and the
probability of two sources being within a projected radius of
143 AU is ∼10−4 . Moreover, molecular line observations toward
IRAS2A by Volgenau et al. (2006) do not show strong evidence
for two cores aligned along the line of sight. The C18 O, H13 CO+ ,
and N2 H+ spectra have single peaks at resolutions of 10 and
less. Thus, the simplest and most likely possibility is that these
two sources are in close physical proximity. High-resolution
molecular line observations that resolve the two sources are
necessary to determine their relative velocities.
We propose that VLA2 most likely formed via turbulent
fragmentation. Although misaligned disks are consistent with
more evolved, Class II, binary systems (Jensen & Akeson 2014;
Williams et al. 2014), we can only infer the disk misalignment
based on outflow directions. Thus, IRAS2A and systems like
it could be the predecessors to misaligned proto-planetary disk
systems.

7. CONCLUSIONS
We have presented VLA imaging of the NGC 1333 IRAS2A
region at 8 mm, 1 cm, 4 cm, and 6.4 cm with a best resolution of
∼0. 06 (14 AU), resolving two sources toward IRAS2A (VLA1
and VLA2), separated by 0. 621 ± 0.006 (∼143 AU). Emission
at 1.3 mm from VLA2 is tentatively detected in complementary
CARMA images at the 5σ level. We do not detect the candidate
companion sources MM2 and MM3 identified by Codella et al.
(2014a) in our VLA data. Moreover, these sources were also
not detected in sufficiently sensitive CARMA 1.3 mm data
and SMA 850 μm data, as well as other PdBI observations.
Extended structure is observed toward the locations of MM2
and MM3 at both 1.3 mm and 850 μm, an indication that these
sources could be spatial filtering artifacts or line-contaminated
continuum. 12 CO (J = 2 → 1) and (J = 3 → 2) observations
show that MM2 and MM3 are located right in outflow lobes.
We conclude that VLA1 is the driving source of the north–south
outflow and propose that VLA2 is the driving source of the
east–west outflow.
VLA1 is found to be extended perpendicular to the direction
of the outflow in the Ka-band imaging. The deconvolved size of
the major axis is 0. 055 (∼13 AU). This structure could be part
of the protostellar disk around VLA1. In contrast, VLA2 has no
evidence of extended structure and is consistent with being a
point source.
The spectral indices at centimeter wavelengths for both VLA1
and VLA2 are consistent with moderately to very optically thick
free–free emission. The free–free emission from VLA1 accounts
for about half the total flux at 8 mm, the other half from thermal
dust emission. VLA2, on the other hand, appears dominated by
free–free emission until a wavelength of ∼1 mm, indicative of
very little circumstellar dust.
The orthogonal outflows from the sources are strong evidence
against disk fragmentation being the formation route for the

6.3. Outflow Emission Structure
The outflow emission from IRAS2A has a few features
worth further discussion. The bi-polar east–west outflow that
we suggest originates from VLA2 appears quite linear and well
collimated in the CO (J = 1 → 0) map in Figure 5. However,
on smaller scales, the outflow is not quite as symmetric in
appearance. The CO emission plots in Figure 6 show a bright
lump of redshifted emission which is consistent with the location
of MM2 from Codella et al. (2014a) as well as the locations
of the peak SiO and SO emission observed by those authors.
However, no equivalent blueshifted emission was observed on
the opposing side of the protostar, in fact there is some low11
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VLA1 and VLA2 binary system. Turbulent fragmentation with
orbital evolution is possible and most likely; however, the
outflow shows no large-scale changes in direction over the
past 1000–10,000 yr. Future kinematic observations at ∼0. 25
resolution have the promise to better characterize the origins of
this protobinary system.
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