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ABSTRACT

We present an observation of L1551 IRS 5 at 7 mm with an angular resolution as high as �0B04 (5 AU). Apart
from the two main components oriented north-south with a projected separation of 47 AU, we discover a third com-
ponent lying 13 AU to the southeast of the northern component, thereby making L1551 IRS 5 a triple protostellar
system. The two main components comprise circumstellar dust disks with dimensions of �17 AU, together with
bipolar ionized jets collimated within a radial distance ofP3 AU from their central protostars. The third component
likely has an even smaller circumstellar dust disk with a dimension of�9 AU. The relative proper motion of the two
main components is consistent with a circular coplanar orbit with an orbital separation of �50 AU, orbital period of
�380 yr, and total mass of�0.9M�. Their measured disk sizes are smaller than the predicted gravitationally truncated
sizes of �26 AU. Together with the predicted minimum size for a circumbinary gap, noncircular coplanar orbits are
constrained to an eccentricityP0.3. The disks of the two main components are accurately aligned with each other, as
well as with a surroundingmolecular pseudodisk. Furthermore, the clockwise orbital motion of these components co-
incides with the clockwise rotational motion of the pseudodisk. These attributes constitute a smoking gun for the for-
mation of the two main components as a result of fragmentation within the inner regions of their parent pseudodisk.
By contrast, the disk of the third component is significantly misaligned; measurements of its relative proper motion
are required in order to help deduce its origin.

Subject headinggs: binaries: close — circumstellar matter — stars: formation —
stars: individual (L1551 IRS 5) — stars: low-mass, brown dwarfs

Online material: color figures

1. INTRODUCTION

Our current understanding of star formation is based primarily
on a framework for the formation of single stars such as the Sun
(Shu et al. 1987). Yet, the vast majority of stars actually form as
members of binary or multiple systems (Duquennoy & Mayor
1991; Mathieu 1994; Duchêne et al. 2006). As the frequency of
multiplicity among low-mass stars at the pre-main sequence may
be even higher than that at the main sequence, the formation of
(most) multiple star systems is thought to occur during the proto-
stellar phase.

There are a number of competing theoretical models for how
multiple protostellar systems form, the leading candidates of which
are, currently, fragmentation and capture (e.g., see the review by
Tohline 2002). These models make simple but different predic-
tions for the properties of the resulting protostellar systems. For
example, fragmentation of a disklike condensation of molecular
gas and dust (i.e., pseudodisk; Galli & Shu 1993) is expected to
produce systems with circumstellar disks that are aligned with
the plane of their parent pseudodisk, and orbital motion follow-
ing the spin of this pseudodisk. On the other hand, formation
by capture should produce protostellar systems with randomly
aligned disks and orbits, as well as large orbital eccentricities.

Our ability to distinguish between competing formationmodels
is hampered by the difficulty in studying and therefore elucidating
the properties of multiple protostellar systems. The average sepa-
ration of binary or hierarchical pairs inmultiple systems at the pre-
main sequence and main sequence is �40 AU (Duquennoy &
Mayor 1991;Mathieu 1994), corresponding to an angular separation

of just �0B3 at the distance of the nearest active star-forming
regions at �140 pc. The circumstellar disks of individual proto-
stellar components are expected to be truncated by mutual gravi-
tational interactions to no larger than about one-third the orbital
separation (Artymowicz & Lubow 1994; Pichardo et al. 2005),
and hence resolving these disks requires angular resolutions higher
than�0B1.At the present time, the only telescope able to penetrate
the molecular gas and dust surrounding protostellar systems and
detect their individual components at such high angular resolu-
tions is the Very Large Array (VLA).

One of the most intensively and best studied of all known
multiple protostellar systems is L1551 IRS 5. This optically in-
visible object was discovered by Strom et al. (1976) in a near-IR
survey of the LDN 1551 cloud, which is part of a network of
molecular clouds at a distance of �140 pc (Kenyon et al. 1994)
in the constellation Taurus. L1551 IRS 5 is associated with the
first recognized bipolar molecular outflow (Snell et al. 1980),
now known to be ubiquitous around protostars. Bieging &
Cohen (1985) discovered two sources at 2 cm in L1551 IRS 5,
providing the first evidence for its duplicity. Rodrı́guez et al.
(2003b) have since showed that the emission at centimeter wave-
lengths is produced by a pair of closely aligned (within �12

�
)

bipolar ionized jets, which themselves are aligned with the larger
scale bipolar molecular outflow. Looney et al. (1997) showed that
the dust emission of L1551 IRS 5 at 3 mm originates from two
closely separated components surrounded by a possible circum-
binary disk, which itself is embedded in a larger scale dust enve-
lope. Using theVLAat 7mm,Rodrı́guez et al. (1998) resolved the
two central components and showed that they are associated with
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the two bipolar ionized jets. They attributed these components to
dust emission from circumstellar disks.

The observation by Rodrı́guez et al. (1998) was made in 1997
when just 13 antennas of the VLAwere equipped with receivers
operating at 7 mm. The putative circumstellar disks were only
partially resolved, and confusion from any detectable ionized
jets was difficult to ascertain. Here, we present our observation
of L1551 IRS 5 made with the full complement of the VLA
equipped with receivers operating at 7 mm, providing a signif-
icant improvement in sensitivity. In addition, we used the Pie
Town (PT) antenna of the Very Long Baseline Array (VLBA),
linked in real time to the VLA, to provide a significant improve-
ment in angular resolution. The images presented here have an-
gular resolutions as high as 0B037, corresponding to a spatial
resolution of just�5 AU at the distance of L1551 IRS 5. To ap-
preciate the dramatic improvement in clarity, we invite the reader
to compare the image shown in Figure 1 of Rodrı́guez et al. (1998)
with those shown here in Figures 1 and 2.

Readers interested in the technical aspects of the observation
and data reduction should now proceed to x 2. Those interested
only in the results can skip to x 3. Readers interested to see how
we use the results to elucidate various aspects of the system, in-
cluding their likely formation pathway, should then continue to
x 4. Those interested only in a concise summary of the results
and their implications can proceed directly to x 4.5.

2. OBSERVATIONS AND DATA REDUCTION

We observed L1551 IRS 5 using the full complement of the
VLA of the National Radio Astronomy Observatory (NRAO)1 in
its highest angular resolution A configuration at a wavelength of

7 mm (43.3 GHz) on 2002 January 29 and February 2. We also
used the PTantenna of the NRAO, linked in real time to the VLA,
to approximately double the length of the longest available base-
lines. Imaging at 7 mm in A configuration, especially with the in-
clusion of the PT antenna, requires frequent observations of a
nearby calibrator (a technique known as fast switching) to track
rapid amplitude and, especially, phase variations induced by the
Earth’s atmosphere. For this purpose, we used the quasar 0431+
175, which lies just�0N6 away from L1551 IRS 5, switching the
telescope alternately between 0431+175 and L1551 IRS 5 with a
cycle time of just 2.5 minutes. Observations at 7 mm also require
regular checks of the pointing accuracy of each antenna; we de-
rived pointing corrections every 40Y50minutes from scans of the
quasar 0431+206, which lies �2N5 away from L1551 IRS 5.
For absolute flux density calibration, we used the quasar 0713+
438, which we assumed had a flux density of 0.29 Jy at 7 mm
(43.3 GHz). The observation on each day spanned �5.5 hr, with
an integration time on L1551 IRS 5 of �3.4 hr per day.
On January 29, the weather and therefore phase stability were

too poor to produce a reliable image. The weather was much im-
proved on February 2, although care was still needed to edit
and calibrate the data and then assess the reliability of the image
produced. When calibrating the data, we inspected how well we
tracked the atmospheric phase variations from observations of
0431+175 and discarded those portions of the data for which the
phase measurements were deemed discontinuous from one cali-
brator scan to the next. We then assessed the reliability of the
image produced by imaging small time portions (each span-
ning �1 hr) of the remaining data separately. All but a small
portion of this data produced mutually consistent images, and
these portions were kept to produce the final image. Our resulting
image has significantly higher sensitivity and angular resolution
than that made in 1997 January 10 byRodrı́guez et al. (1998) with
just 13 of the 27 antennas of the VLA.

3. RESULTS

In Figure 1, we show our image of L1551 IRS 5madewith just
the VLA (i.e., not including the PT antenna) to provide a com-
parison with the earlier image made by Rodrı́guez et al. (1998).
Both of these images have nearly identical angular resolutions,
with the synthesized beam (a two-dimensional Gaussian) in our
image having a size at full width at half-maximum (FWHM) of
0B063 ; 0B047 (8:8 ; 6:6 AU). Our image, however, has a factor
of 2 higher sensitivity, with a rootmean square (rms) noise level of
just 0.118 mJy beam�1. In common with the image of Rodrı́guez
et al. (1998), we find two compact components, hereafter referred
to as the northern (N) and southern (S) components, separated by
�0B3. The N component, however, exhibits an extension to the
southeast that is not seen in the image of Rodrı́guez et al. (1998).
This extension would have been right at the detection threshold
(3 �) of their image.
In Figure 2, we show our images of L1551 IRS 5 made with

the VLA-PT after applying two different weightings to the data.
The image made with natural weighting is shown on the left and
has a synthesized beam of 0B058 ; 0B044 (8:1 ; 6:2 AU) and rms
noise level of 0.112 mJy beam�1. The image made with robust ¼
0:5 (hereafter referred to as robust) weighting is shown on the
right and has a smaller synthesized beam of 0B046 ; 0B037 (6:4 ;
5:2 AU) but a higher rms noise level of 0.124 mJy beam�1. At
these higher angular resolutions (especially Fig. 2, right), the
southeast extension of the N component can now be seen to be a
separate feature separated by just�0B09 from the N component.
Hereafter, we refer to this feature as the third (3rd) component.
We derived the peak positions of the two main components from

Fig. 1.—Image of L1551 IRS 5 at 7 mm, made with the VLA in A con-
figuration on 2002 February 2. Produced with natural weighting, this image has
a rms noise level (�) of 0:118 mJy beam�1. The FWHMof the synthesized beam is
0B063 ; 0B047 (8:8 ; 6:6 AU) at a P.A. of �7N38 (measured anticlockwise from
north), as shown in the lower left corner. Contour levels are plotted at �2, 2, 3,
5, 7, . . . , 15 �. The plus signs mark the peak positions of the three components
more clearly separated in our higher resolution images ( Fig. 2) and listed in
Table 1. To make the plus signs clearly visible, they are plotted with arm lengths
corresponding to their�8 � positional uncertainties. [See the electronic edition
of the Journal for a color version of this figure.]

1 The NRAO is a facility of the National Science Foundation, operated under
cooperative agreement by Associated Universities, Inc.
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the natural-weighted image (Fig. 2, left), which gives smaller
positional uncertainties. To derive the peak position of the 3rd
component, we first subtracted the N component from the image
in the manner described in xx 3.1 and 3.2. The peak positions of
all three components are listed in Table 1 and are indicated by
plus signs in all our figures.

Both the N and S components, but not the 3rd component,
exhibit a crosslike structure. One arm of each cross is accurately
aligned with the axis of a bipolar ionized jet (indicated by oppos-
ing arrows) associated with that component (Rodrı́guez et al.
2003b) and thus delineates the base of that jet. The other arm
orthogonal to the jet presumably delineates a circumstellar dust
disk. There is no known ionized jet along the major axis of the
3rd component, so we assume that this component also corre-
sponds to a circumstellar dust disk. Our image therefore suggests
that L1551 IRS 5 comprises three separate components and hence
is a triple system.

3.1. Properties of the Bipolar Ionized Jets

To properly determine the properties of the N and S disks, we
first have to subtract the contribution from their bipolar ionized
jets. From trial-and-error subtracting of model jets from the im-
ages in Figure 2,we found that a cleaner subtractionwas produced
by uniformly bright linear structures, rather than two-dimensional
Gaussian structures, convolved with the synthesized beam. Sub-
tracting Gaussian structures for both jets leaves a local minima at
the center and a pinch at thewaist of the disks, i.e., oversubtraction
at the inner regions of the jet. The results after subtracting the best-
fit, uniformly bright linear structures (convolved with the syn-
thesized beam) from the natural- and robust-weighted images
in Figure 2 are shown in Figure 3. Even this type of subtraction
leaves a slight pinch at the waist of the N disk in the robust
image of Figure 3, suggesting that at this angular resolution the
N jet is better modeled as having two slightly brighter lobes.

In Table 2, we list the parameters ( lengths, widths, and flux
densities) of the linear structures that produced the cleanest sub-
traction of the jets as shown in Figure 3. We fixed their position
angles to the values measured by Rodrı́guez et al. (2003b), who
at 3.6 cm were able to trace both jets to a much larger extent and
hence determine their position angles more accurately. Both jets
are unresolved along their minor axes, and hence the upper limits
on their widths correspond to the FWHMof the synthesized beam
along theminor axes of the respective jets in the robust image.We
found that values that differ bymore than about�10% in length
or flux density from those listed produced noticeably poorer
subtractions.

Our results place an upper limit of 6.4 and 6.2 AU, respectively,
for the widths of the N and S jets. (The different upper limits for
the widths of the two jets result from the slightly different position
angles of theirminor axeswith respect to the noncircular synthesized

Fig. 2.—Same as Fig. 1, but with the addition of the PT antenna to increase the angular resolution. Left: Produced with natural weighting, this image has a rms noise
level (�) of 0:112 mJy beam�1. The FWHMof the synthesized beam is 0B058 ; 0B044 (8:1 ; 6:2AU) at P:A: ¼ �12N9, as shown in the lower left corner. Contour levels
are plotted at�3,�2, 2, 3, 5, 7, . . . , 13 �. The peak positions of the N and S components, indicated by plus signs and listed in Table 1, are derived from this image. Right:
Produced using robust ¼ 0:5 weighting, this image has a higher rms noise level of 0:124 mJy beam�1, but smaller synthesized beam. The FWHM of the synthesized
beam is 0B046 ; 0B037 (6:4 ; 5:2 AU) at P:A: ¼ �10N2, as shown in the lower left corner. Contour levels are plotted at�3,�2, 2, 3, 4, . . . , 9 �. At this angular resolution,
the N and S components each resemble a cross. One arm of each cross is aligned with the direction of a bipolar ionized jet imaged at 3.6 cm by Rodrı́guez et al. (2003b), as
indicated by the two pairs of arrows. A third component is clearly separated from and lies to the southeast of the N component. [See the electronic edition of the Journal for
a color version of this figure.]

TABLE 1

Peak Positions of Protostellar Components

Component R.A. (J2000.0) Decl. (J2000.0)

N...................... 04 31 34.14910 � 0.00009a +18 08 04.9818 � 0.0016b

S ...................... 04 31 34.14967 � 0.00012a +18 08 04.6492 � 0.0020b

3rd ................... 04 31 34.15453 � 0.00021a +18 08 04.9317 � 0.0026b

Notes.—The peak positions of the N and S components were derived from
the natural-weighted image in Fig. 2 (left). The peak position of the 3rd com-
ponent was derived from the natural-weighted image in Fig. 4 (right), where the
N component has been subtracted from the image. Units of right ascension are
hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds.

a Error given in seconds.
b Error given in arcseconds.
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beam.) These jets must therefore be collimated within a radial dis-
tance of just 3.1Y3.2 AU from their central protostars.

3.2. Properties of the Circumstellar Dust Disks

After subtracting the bipolar ionized jets as described in x 3.1,
we fitted two-dimensional Gaussians to each disk in order to de-
rive their physical parameters (sizes along their major and minor
axes at FWHM, position angles, flux densities, and brightness
temperatures). We found that the parameters derived from the
natural- and robust-weighted images were identical within mea-
surement uncertainties, but the former (which has poorer angular
resolution but lower noise level) had significantly smaller un-
certainties. To better separate and hence properly derive the
properties of the N and 3rd disks in the natural-weighted image,
we first subtracted the 3rd disk from this image, using its param-
eters as derived from the robust-weighted image. The resulting
image is shown in Figure 4 (left). After deriving the parameters
of the N disk from this image, we subtracted the N disk from the
natural-weighted image of Figure 3 to produce the image in Fig-
ure 4 (right). This image was used to more precisely determine
the peak position of the 3rd component (as listed in Table 1) and
the parameters of its disk.

The inferred parameters of the disks are listed in Table 3. All
these parameters were derived from the natural-weighted images
of Figures 3 and 4, except for the upper limit on the size of the
3rd disk along its minor axis. The latter is derived from the
robust-weighted image of Figure 3 that has a higher angular reso-
lution. The N disk has dimensions of (16:0 � 0:7) ; (8:1 � 0:4)
AUand position angle of 165� � 3�, and the S disk has dimensions
of (17:8 � 1:3) ; (9:5� 0:8)AUandposition angle of 158

� � 5
�
.

Both their dimensions and position angles are therefore similar
to within measurement uncertainties (<1.6 �). The flux density
of the N disk, however, is significantly larger (by a factor of
1:4 � 0:2) than that of the S disk. The brightness temperature
of the N disk, 179 � 17 K, is therefore higher than that of the
S disk, 94 � 8 K.
The major axes of the N and S disks have position angles that

are quite accurately orthogonal to the axes of their corresponding
bipolar ionized jets (as listed in Table 2). The orientation of the
disk-jet axes differ by 98

� � 4
�
for the N component and by

103� � 5� for the S component. Note that the orientations of both
jets are inferred from features with dimensions of about 30Y
50 AU, whereas the disks have dimensions of <20 AU.
The 3rd disk has a size of 8:8 � 1:1 AU along its major axis

and is unresolved along its minor axis with a size of less than
5.9 AU. The position angle of this disk is 118

� � 8
�
, which is sig-

nificantly different [by (40�Y47�) � 9�] from the position angles
of the N and S disks. It also has a significantly smaller flux den-
sity than either the N or S disks. Because of its relatively small
size, however, the lower limit on its brightness temperature of
96 � 12 K is nevertheless comparable with the measured bright-
ness temperature of the S disk.

3.3. Relative Proper Motion

Rodrı́guez et al. (2003a) have presentedmarginally significant
evidence for a change in the separation and position angle be-
tween the N and S components with time. This evidence is based
on observations with the VLA in A configuration at 2 cm between

Fig. 3.—Same as Fig. 2, but with the two bipolar ionized jets subtracted in the manner described in the text, leaving only the circumstellar dust disks. Left: Produced
with natural weighting, contour levels are plotted at �3, �2, 2, 3, 5, 7, . . . , 11 � (� ¼ 0:112 mJy beam�1). The properties of the S disk as listed in Table 3 are derived
from this image.Right: Produced with robust ¼ 0:5weighting, contour levels are plotted at�3,�2, 2, 3, 4, and 5 � (� ¼ 0:124 mJy beam�1). [See the electronic edition
of the Journal for a color version of this figure.]

TABLE 2

Parameters of Bipolar Ionized Jets

Component

Lengtha

(arcsec)

Widtha

(arcsec)

Flux Density

(mJy)

P.A.

(deg)

N...................... 0.110 (15.4) <0.046 (<6.4) 1.2 67 � 3

S ...................... 0.080 (11.2) <0.044 (<6.2) 0.9 55 � 1

Notes.—Uncertainty in length and flux density is estimated to be�10% (see
text). The upper limit on the width corresponds to FWHM of the synthesized
beam in our robust = 0.5 image along the minor axis of each jet. Position angles
are measured anticlockwise from north and are taken from Rodrı́guez et al.
(2003b).

a The value given in parentheses is in AU.
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1983.89 and 1998.41. In Table 4, we list the position of the S
component relative to the N component at the time of our ob-
servation (epoch 2002.09), as derived from the natural-weighted
image of Figure 2. The projected separation is 0B333 � 0B003
(46:6 � 0:4 AU), and the position angle is 178N6 � 0N4. In Fig-
ure 5, we plot these values together with the earlier measurements
reported by Rodrı́guez et al. (2003a), as well as the measurements
by Rodrı́guez et al. (1998) at 7 mm (epoch 1997.03). The dashed
lines are the least-squares fit that Rodrı́guez et al. (2003a) derived
from their measurements. As can be seen, our measurements,
which have significantly lower uncertainties owing to our higher
angular resolution, confirm the trend of increasing separation and
clockwise motion of the two components. The solid lines are the
least-squares fit to all themeasurements and give an annual change
in separation of �sep ¼ þ2:5 � 0:5 mas yr�1 and position angle
of �P:A: ¼ �0N63 � 0N19 yr�1.

In Figure 6, we plot the change in right ascension (R.A.) and
declination (decl.) of the S component with respect to theN com-
ponent from all the above-mentioned measurements. The diag-
onal solid lines are the least-squares fits to all the measurements.
The annual change in R.A. is�(R:A:) ¼ �3:2 � 0:9 mas yr�1

and decl. is �(decl:) ¼ �2:6 � 0:7 mas yr�1, where negative
values indicate motion toward the east and south relative to the
N component. The S component is thereforemoving at a projected

tangential velocity of vt ¼ 4:1 � 0:8 mas yr�1 at a position angle
of vP:A: ¼ 129� � 11� with respect to the N component.

As listed in Table 4 also, the projected separation between the
N and 3rd components is 0B092 � 0B003 (12:9 � 0:4 AU). The
position angle of the 3rd component measured from the N com-
ponent is 122N9 � 1N9.

4. DISCUSSION

4.1. Orbital Geometries

We resolve the N and S disks along both their major andminor
axes. This allows us to infer their inclinations from the plane of
the sky, provided that the disks are intrinsically circular and geo-
metrically thin (in these cases, with thicknesses T9 AU). We
find that the N disk has an inclination of 59� � 2� and that the
S disk has 58

� � 4
�
, identical to within measurement uncertain-

ties. As their major axes also share similar orientations in the sky
(difference in position angles of 7� � 6�; Table 3), the equatorial
planes of the N and S disks must therefore be accurately parallel.

As a check, we compare the inferred inclination of the disks
with that of their bipolar outflows. As the axes of the N and S bi-
polar ionized jets are quite accurately perpendicular to the major
axes of their respective circumstellar disks (x 3.2), we infer that
both jets have an inclination from the plane of the sky of �60�.

Fig. 4.—Same as Fig. 3 (left; natural weighting), but with the N and 3rd disks subtracted alternately to better determine their individual properties. Left: The 3rd disk
subtracted. Contour levels are plotted at �3, �2, 2, 3, 5, 7, and 9 � (� ¼ 0:112 mJy beam�1). The properties of the N disk as listed in Table 3 are derived from this
image. Right: The N disk subtracted. Contour levels are plotted at �3, �2, 2, 3, and 5 �. The peak position of the 3rd component as marked by a plus sign and listed in
Table 1 is derived from this image, as are the properties of this disk as listed in Table 3. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 3

Parameters of Circumstellar Dust Disks

Component

Major Axisa

(arcsec)

Minor Axisa

(arcsec)

P.A.

(deg)

Flux Density

(mJy)

Brightness Temperature

(K)

N....................................... 0.114 � 0.005 (16.0 � 0.7) 0.058 � 0.003 (8.1 � 0.4) 165 � 3 4.2 � 0.3 179 � 17

S ....................................... 0.127 � 0.009 (17.8 � 1.3) 0.068 � 0.006 (9.5 � 0.8) 158 � 5 2.9 � 0.3 94 � 8

3rd .................................... 0.063 � 0.008 (8.8 � 1.1) <0.042 (<5.9) 118 � 8 0.9 � 0.1 >96 � 12

Notes.—These parameters were derived by fitting two-dimensional Gaussian structures to each disk in the natural-weighted images of Figs. 3 and 4, except for the
upper limit on the width of the 3rd disk. The latter corresponds to FWHM of the synthesized beam in the robust image of Fig. 3 along the minor axis of this disk.

a The value in parentheses is in AU.
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Based on a simple model, Liseau & Sandell (1986) inferred an
inclination of 70� � 5� for the axis of the large-scale bipolar (CO)
molecular outflow from L1551 IRS 5. This is roughly consistent
with the inclination that we infer for the radio jets. From a model
for the knots (Herbig-Haro objects) in the optical jet, Stocke et al.
(1988) inferred an inclination ranging from k15� to �45�, de-
pending on the individual knots. Fridlund & Liseau (1994) found
that the tangential velocities of the knots predicted by the model
of Stocke et al. (1988) were consistent with their measurements.
Furthermore, they suggested that, taken together, the available
measurements suggest an inclination of �30

�
for the axis of the

optical jet. This is significantly smaller than the inclination we
infer for the radio jets, but it should be borne in mind that the
inferred inclination of the optical jet is model dependent.

In the following,we shall use as constraints the observed geom-
etry and relative proper motion of the N and S components to
constrain their possible orbital geometries. We consider both cir-
cular and elliptical—but only coplanar—orbits (i.e., orbital plane
aligned with the plane of the disks). We implicitly assume that
the 3rd component, which is likely the least massive component
(see x 4.2.1), has a negligible effect on the orbits of its more mas-
sive companions.

4.1.1. Circular Orbits

We consider here a circular coplanar orbit with an orbital geom-
etry as illustrated in Figure 7. TheN component is held fixed, with
the S component moving in a deprojected circular orbit about the
N component. The orbital plane is inclined by 59

� � 2
�
from the

plane of the sky (the inclination of the N disk), and its projected
major axis is aligned with the major axis of the N disk. For a
clockwise orbital motion as is observed, the S component should
therefore be closely approaching (within a projected/deprojected

angular separation of 14� � 3�/26� � 5� from) its maximum pro-
jected separation from the N component, when the major axes of
both disks become aligned. This is consistent with the measured
increase in separation between theN and S components with time.
More specifically, for a circular coplanar orbit with an inclina-

tion of 59� � 2�, the predicted space motion of the S component
is toward a position angle of vP:A: ¼ 118� � 8� with respect to
the N component. This is consistent with that measured of vP:A: ¼
129

� � 11
�
. Given the rate of change in position angle of the

S relative to the N components of �P:A: ¼ �0N63� 0N19 yr�1,
the predicted rate of change in their separation is �sep ¼ þ2:0 �
0:7 mas yr�1. This again is consistent with that measured of
�sep ¼ þ2:5 � 0:5 mas yr�1. Themeasured projected separation
of 46:6 � 0:4 AU then implies a true orbital radius of 50:2 �
1:7 AU. The deprojected orbital velocity of the S component
with respect to the N component is 6 � 1 mas yr�1, correspond-
ing to 4:0 � 0:8 km s�1. The orbital period is therefore 377 �
79 yr, and the total mass of the system is 0:89 � 0:26 M�.

4.1.2. Elliptical Orbits

Coplanar elliptical orbits also are permitted within the current
precision of the measured relative proper motion. As we shall
see, the range of permitted orbital solutions is larger for smaller
eccentricities. The orbital geometry is illustrated in Figure 8,
where the N component (held fixed) now lies at one of the focii
of the deprojected elliptical orbit of the S component. Unlike for
circular orbits, the projected major axis of the elliptical orbit need
not be parallel with the major axes of the disks; we parameterize
this angle as �. As before, the orbital inclination is 59� � 2

�
. For a

given eccentricity e, we determine the range over which � results
in a relative proper motion (vP:A: and �sep) that is similar to that
measured within a difference of �2 �. Two families of solutions
are allowed, depending on whether the S component is closer to
apastron or periastron. For these two families, positive values of �
indicate that the S component is approaching apastron (case I be-
low) or periastron (case II), respectively; � ¼ 0 indicates that the
S component is at apastron or periastron.

Case I: approaching apastron.—Let us first consider the case
where the S component is closer to apastron. The permitted or-
bital solutions (� and deprojected semimajor axis, a, of the orbit)
are tabulated in Table 5 for eccentricities in the range 0.2Y0.8.

TABLE 4

Peak Positions Relative to the N Component at Epoch 2002.09

Component

�(R.A.)

(mas)

�(Decl.)

(mas)

Separation

(mas)

P.A.

(deg)

S ..................... �8.2 � 2.2 �332.6 � 2.6 332.7 � 2.6 178.6 � 0.4

3rd .................. �77.4 � 3.2 �50.1 � 3.1 92.2 � 3.2 122.9 � 1.9

Fig. 5.—Proper motion of the S relative to the N component. Left: Angular separation at six different epochs, as described in the text. Filled circles are measure-
ments at 2 cm compiled by Rodrı́guez et al. (2003a), the filled square at 7 mm by Rodrı́guez et al. (1998), and the open square at 7 mm reported here. The error bars
correspond to �1 � uncertainty. Right: Position angle at the same six epochs. The dashed lines are fits to the filled circles, as reported by Rodrı́guez et al. (2003a), and
solid lines are our least-squares fits to all the measurements. The latter gives an annual change in separation of �sep ¼ þ2:5 � 0:5 mas yr�1 and position angle of
�P:A: ¼ �0N63 � 0N19 yr�1.
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(The predictedmaximum sizes of the circumstellar disks andmin-
imum size of the circumbinary gap also are listed in this table, and
discussed in x 4.2.) We find that the allowable range in � is quite
small and narrows as the eccentricity increases, e.g., from 8

�Y35�

for e ¼ 0:2 to just 2�Y4� for e ¼ 0:8. The parameter space of pos-
sible solutions is therefore larger for smaller eccentricities. Regard-
less of the eccentricity, the only permitted orbits are those for
which the S component is approaching rather than receding from
apastron (i.e., � > 0�).

As shown in Table 5, the deprojected semimajor axes of al-
lowed orbits decrease (for a given � ) as the eccentricity increases,
e.g., from 40Y59 AU for e ¼ 0:2 to 26Y29 AU for e ¼ 0:8. The
orbital separation at periastron, (1� e)a, therefore decreases as
the eccentricity increases, and becomes comparable to or smaller
than the disk sizes at ek 0:5. Indeed, as we shall show in x 4.2.2,
eccentricities ek 0:3 are not allowed, as the predicted maximum
sizes of the N and S disks, truncated bymutual gravitational inter-
actions between their central protostars, become smaller than their
observed sizes.
Case II: approaching periastron.—Let us now consider the

case where the S component is closer to periastron. The permitted
orbital solutions (along with the predicted maximum sizes of the
circumstellar disks and minimum size of the circumbinary gap
discussed in x 4.2) are tabulated in Table 6 for eccentricities in the
range 0.2Y0.8. Like before, we find that the allowable range in �
decreases as the eccentricity increases, although for the same ec-
centricity this range is now larger, e.g., from 12

�Y48� for e ¼ 0:2
to 18�Y31� for e ¼ 0:8. Once again, the parameter space of pos-
sible solutions is larger for smaller eccentricities. Regardless of the
eccentricity, in this case the only permitted orbits are those for
which the S component is approaching rather than receding from
periastron (i.e., � > 0�).

As shown in Table 6, unlike before, the deprojected semima-
jor axes of allowed orbits increase (for a given � ) as the eccen-
tricity increases, e.g., from61Y84AU for e ¼ 0:2 to 244Y259AU
for e ¼ 0:8. The orbital separation is always much larger than the
disk sizes, even at periastron. Indeed, we find that the predicted
maximum sizes of the N and S disks are larger than their observed
sizes for eccentricities as large as e � 0:9 (x 4.2.2). On the other
hand, as we shall show in x 4.2.3, eccentricities ek 0:3 are not
allowed because the predicted minimum size of the gap driven by
the protostellar components into their surrounding natal material
becomes larger than any such existing gap.

Fig. 6.—Proper motion of the S relative to the N component, as in Fig. 5. Left: Separation in R.A. at six epochs. Right: Separation in decl. at the same six epochs.
The solid lines are the least-squares fits and give an annual change in R.A. of �(R:A:) ¼ �3:2 � 0:9 mas yr�1 and in decl. of �(decl:) ¼ �2:6 � 0:7 mas yr�1. Motion
toward increasingly smaller values indicates movement toward the east and south with respect to the N component.

Fig. 7.—Schematic of a circular orbit inclined by 59� to the plane of the sky,
resulting in a projected elliptical orbit. The semimajor and semiminor axes of
the orbit are indicated by thick lines. The orbital inclination corresponds to the
inferred disk inclinations of the N and S components (i.e., coplanar orbit). The
projected major axis of the orbit lies at a position angle of 165�, same as that for
the disk of the N component. This component is held fixed at the center of the
orbit, with the clockwise orbital motion of the S component indicated by the
dashed line. The dimensions of the two circumstellar disks relative to that
inferred for the orbit (see text) are drawn to scale.

PROPERTIES AND FORMATION OF L1551 IRS 5 431No. 1, 2006



Although we have considered only coplanar orbits, we note
that tilted circular or elliptical orbits also can satisfy the constraints
placed by the measured relative proper motion. As explained in
x 4.3, any tilts (as long as they are relatively small) in the orbit
do not change, and indeed are not unexpected in the context of,
the formation scenario we propose for the N and S components.

4.2. Circumstellar Disks and Circumbinary Gap

Gravitational interactions between components of a binary (or
multiple) system can truncate the circumstellar disks of their in-
dividual components, as well as drive surrounding material out-
ward to create a circumbinary gap (Artymowicz & Lubow 1994).
Pichardo et al. (2005) have computed the largest nonintersecting
orbit in the individual circumstellar disks of binary systems that
have arbitrary mass ratios and orbital eccentricities, as well as the
smallest nonintersecting orbit of their circumbinary disk. They
considered the casewhere the disks of both components lie in the
orbital plane of the system (i.e., coplanar orbits), and where the
individual protostellar masses dominate their corresponding disk
masses. These calculations place stringent limits on the maximum
radii of circumstellar disks and the minimum radii of circumbi-
nary disks (with stable orbits) in such binary systems.
We shall now apply the computations of Pichardo et al. (2005)

to L1551 IRS 5, assuming as before that the N and S components
have a coplanar orbit and that the effects of the 3rd component
can be ignored. In the following, we first use the measured disk
sizes of the different components to constrain their individual
protostellar masses.We then use the predictedmaximumdisk sizes,
and predicted minimum size of the circumbinary gap, to constrain
the eccentricities of elliptical orbits.

4.2.1. Protostellar Masses

If the circumstellar disks of the individual components of a
binary system have sizes corresponding to their largest noninter-
secting orbits, then their relative sizes are directly related to their
relative protostellar masses. As both the N and S components
have similar disk sizes, they presumably have similar protostel-
lar masses. The ratio in size of their major axes of 0:90 � 0:07
implies, for a circular orbit, a fractional protostellar mass in the
N component of 0:45 � 0:04. As the total mass of the N and
S components is 0:89 � 0:26 M� (x 4.1.1), this implies indi-
vidual protostellar masses of about 0.4Y0.5 M�. These proto-
stellar masses are about an order of magnitude or more larger
than their individual disk masses, estimated to lie in the range
0.01Y0.06 M� (Looney et al. 1997; Rodrı́guez et al. 1998).

Fig. 8.—Schematic of an elliptical orbit inclined by 59� to the plane of the sky,
resulting in a different projected elliptical orbit. The major and semiminor axes of
the orbit are indicated by thick lines. The orbital inclination corresponds to the in-
ferred disk inclinations of the N and S components (i.e., coplanar orbit). The pro-
jected major axis of the orbit lies at a position angle of 165� � �, i.e., making an
angle � to themajor axis of theN disk. TheN component, which is held fixed, lies at
one of the focii of the deprojected elliptical orbit (but not at the focii of the projected
elliptical orbit). The clockwise orbitalmotion of the S component is indicated by the
dashed line. Positive values of � correspond to the S component approaching (rather
than receding from) either apastron or periastron.

TABLE 5

Allowed Orbital Solutions and Binary Properties for Case I

Eccentricity

(e)

�

(deg)

Orbital

Semimajor Axis

(AU)

Maximum Diameters

Circumstellar Disks

(AU)

Minimum Radius

Circumbinary Gap

(AU)

0.2.............. 8Y35 40Y59 17.1Y25.2 108Y159
0.3.............. 7Y20 37Y44 13.2Y15.8 104Y123
0.4.............. 6Y15 34Y39 10.1Y11.4 99Y113
0.6.............. 4Y9 30Y32 5.8Y6.2 102Y109
0.8.............. 2Y4 26Y27 1.9Y2.0 88Y92

Notes.—The computations of Pichardo et al. (2005) predict a maximum radius
for the circumstellar disks of equal-mass binary components of 0.213a for e ¼ 0:2,
0.178a for e ¼ 0:3, 0.147a for e ¼ 0:4, 0.097a for e ¼ 0:6, and 0.037a for e ¼ 0:8,
where a is the semimajor axis of the binary orbit. The predictedminimum radius of
the circumbinary gap is 2.7a for e ¼ 0:2, 2.8a for e ¼ 0:3, 2.9a for e ¼ 0:4, 3.4a
for e ¼ 0:6, and 3.4a for e ¼ 0:8.

TABLE 6

Allowed Orbital Solutions and Binary Properties for Case II

Eccentricity

(e)

�
(deg)

Orbital

Semimajor Axis

(AU)

Maximum Diameters

Circumstellar Disks

(AU)

Minimum Radius

Circumbinary Gap

(AU)

0.2.............. 12Y48 61Y84 25.9Y35.6 165Y227
0.3.............. 13Y43 70Y89 24.8Y31.6 196Y249
0.4.............. 14Y40 81Y98 23.9Y28.9 235Y284
0.6.............. 16Y34 122Y136 23.7Y26.3 415Y462
0.8.............. 18Y31 244Y259 18.0Y19.2 830Y881

Notes.—The computations of Pichardo et al. (2005) predict a maximum radius
for the circumstellar disks of equal-mass binary components of 0.213a for e ¼ 0:2,
0.178a for e ¼ 0:3, 0.147a for e ¼ 0:4, 0.097a for e ¼ 0:6, and 0.037a for e ¼ 0:8,
where a is the semimajor axis of the binary orbit. The predictedminimum radius of
the circumbinary gap is 2.7a for e ¼ 0:2, 2.8a for e ¼ 0:3, 2.9a for e ¼ 0:4, 3.4a
for e ¼ 0:6, and 3.4a for e ¼ 0:8.
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As the disk of the 3rd component is tilted with respect to both
the N and S components, the computations of Pichardo et al.
(2005) cannot be strictly applied to this component. Their com-
putations may nevertheless provide a crude estimate of the pro-
tostellar mass of the 3rd component. If this component is in a
circular orbit around theN component, then the ratio in size of their
major axes of�0.55 indicates a fractional protostellar mass in the
3rd component of�0.25. With a protostellar mass of�0.4M� for
the N component, the protostellar mass of the 3rd component is
therefore�0.1M�. For an eccentric orbit, the corresponding pro-
tostellar mass of the 3rd component is smaller.

4.2.2. Disk Truncation

Pichardo et al. (2005) found that equal-mass protostellar com-
ponents in a circular orbit should have a maximum disk radius of
�0.257a, where a is the orbital semimajor axis (in this case, or-
bital radius). If theN and S components are in a circular orbit, their
orbital radius is 50:2 � 1:7 AU (x 4.1.1) and hence the predicted
maximum radii (diameters) of their disks are 12:9 � 0:4 AU
(25:8 � 0:8 AU). The measured diameters of the N and S disks
of 16:0 � 0:7 and 17:8 � 1:3 AU, respectively, are significantly
smaller than their predictedmaximal extents. Recall, however, that
their measured sizes correspond to the FWHMof two-dimensional
Gaussian functions fitted to the observed intensity profiles of the
disks. The actual maximal extent of the disks may therefore be
larger. In addition, their outermost regions may be below our de-
tection threshold.

The measured (minimum) disk sizes of the N and S compo-
nents can be used to place further constraints on their allowed
elliptical orbits (x 4.1.2). For a given mass ratio between compo-
nents and a given orbital semimajor axis, the predicted maximum
sizes of their individual disks are smaller for larger eccentricities,
as the components are now closer along a part of their orbit. In
Table 5, we tabulate the predicted maximum disk diameters for
equal-mass components (i.e., same disk sizes) with orbits corre-
sponding to the case where the S component is approaching
apastron (case I in x 4.1.2). Because the semimajor axes of per-
mitted orbits decrease (for a given � ) as the eccentricity increases,
the predicted maximum disk sizes also decrease with increasing
eccentricity. For an eccentricity e ¼ 0:3, the predicted maximum
disk diameters of 13Y16AU (0.178a) are smaller than or just com-
patible with the measured disk diameters of 16Y18 AU. Thus, in
the situation where the S component is approaching apastron, per-
missible elliptical orbits are constrained to eccentricities eP 0:3.
If, as mentioned above, the true maximal extents of the disks are
larger, the allowed orbital eccentricity is even smaller.

In Table 6, we tabulate the predicted maximum disk diameters
for equal-mass components with orbits corresponding to the case
where the S component is approaching periastron (case II in
x 4.1.2). In this case, because the semimajor axes of permitted
orbits increase dramatically with increasing eccentricity, the pre-
dicted maximum disk sizes are larger than their measured sizes
over the range of eccentricities tabulated (up to e ¼ 0:8). Indeed,
we find that the predicted maximum disk sizes are larger than the
measured disk sizes (for at least some allowed values of � ) for
eccentricities as large as e � 0:9. On the other hand, as we show
next (x 4.2.3), at eccentricities ek 0:3, the predicted size of the
circumbinary gap driven by the N and S components is larger
than the upper limit placed on any such gap.

We now use the measured disk size of the 3rd component to
place a crude constraint on its minimum orbital radius. As be-
fore, we assume that this component is in a circular orbit about
the N component. Then, as we showed in x 4.2.1, the fractional
protostellar mass in the 3rd component is �0.25. The predicted

maximum radius of its disk is �0.192a; for a disk diameter of
9 AU, the orbital radius is therefore�23 AU. The latter is much
larger than the observed projected separation between the 3rd and
N components of�13 AU. If the orbit is eccentric, the fractional
protostellar mass in the 3rd component is smaller (x 4.2.1), and the
semimajor axis of its orbit is larger.

4.2.3. Circumbinary Gap

Pichardo et al. (2005) found that the minimum size of the gap
driven by the binary components into the disk surrounding the
entire system is only weakly dependent on the relative component
masses. This central gap becomes larger in size as the eccentricity
increases, but remains approximately circular irrespective of the
orbital eccentricity. The predicted radius of the circumbinary gap
for equal-mass components in a circular orbit is �2.0a and in-
creases to�3.4a for an orbital eccentricity of e ¼ 0:8. If theN and
S components are in a circular orbit, then their orbital radius of
50:2 � 1:7 AU (x 4.1.1) translates into aminimum radius for their
circumbinary gap of�100 AU (�0B7). At an inclination of�60�,
the gap would appear to have a size of about 200 ; 100 AU
(1B4 ; 0B7) along its major andminor axes, and a position angle of
�160

�
.

As described in more detail in the next section (x 4.3), the
entire L1551 IRS 5 system is surrounded by a rotating disk of
molecular gas and dust (hereafter referred to as a circumbinary
disk, although perhaps more accurately a circumtriple disk). The
inner regions of this circumbinary dust disk have been imaged by
Looney et al. (1997) at 3 mm with an angular resolution as high
as �0B5. They did not report any detection of a gap between the
circumbinary and circumstellar disks, although any such gap
would be difficult to discern in the presence of the bright cir-
cumstellar disks. An examination of the measured visibilities
suggests that the circumbinary disk ‘‘is evident as the excess
emission between 30 kk and 90 kk,’’ corresponding to spatial
scales of about 300Y800 (Looney et al. 1997). Thus, the maximum
diameter of any such gap is�400 AU (�300 ), only a factor of�2
larger than the predicted minimum size of the circumbinary gap
for a circular orbit. Takakuwa et al. (2004) have imaged the cir-
cumbinary disk of L1551 IRS 5 in both dust and molecular gas
(CS J ¼ 7 ! 6) at 0.8 mm with an angular resolution of 200Y300.
They find a rotating disk of molecular gas with a diameter of
�400 AU (�300 ). Any central gap in the circumbinary disk must
therefore be significantly smaller.

From the above-mentioned observations, we place a conser-
vative upper limit of 200AU (1B5) on the radius of any central gap
in the circumbinary disk. As mentioned earlier, the predicted ra-
dius of the circumbinary gap in the case where the N and S com-
ponents are in a circular orbit is�100 AU, a factor of�2 smaller
than the inferred upper limit. In the case where they are in an ellip-
tical orbit, this upper limit can be used to place further constraints
on their allowed orbital eccentricities. In Table 5, we tabulate the
predicted minimum radii of circumbinary gaps for equal-mass
components with orbits corresponding to the case where the
S component is approaching apastron (case I in x 4.1.2). As can
be seen, the predicted minimum radius of the circumbinary gap
is always comfortably smaller than the inferred upper limit of
�200 AU over the range of eccentricities tabulated (as well as
e < 0:2). In Table 6, we tabulate the predicted minimum radii
of circumbinary gaps for equal-mass components with orbits cor-
responding to the case where the S component is approaching
periastron (case II in x 4.1.2). In this case, because the semimajor
axes of allowed orbits are larger than in the previous case, the pre-
dictedminimum radius of the circumbinary gap is comparablewith
the inferred upper limit of�200 AU even at small eccentricities.
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Furthermore, because the semimajor axes of allowed orbits in-
crease dramatically as the eccentricity increases, the predicted
minimum radius of the circumbinary gap exceeds the inferred up-
per limit for e > 0:3. Thus, in the case where the S component is
approaching periastron, only eccentricities eP 0:3 are allowed.

4.3. Formation from Parent Molecular Condensation

Momose et al. (1998) showed that L1551 IRS 5 lies at or close
to the center of a rotating and contracting molecular condensa-
tion. As observed in C18O (1Y0), this condensation has a diam-
eter of �2400 AU and can be modeled as a geometrically thin
pseudodisk with its major axis at a position angle of �162

�
and

inclination to the plane of the sky of �64�. The pseudodisk ex-
hibits clockwise rotation, as is confirmed by Takakuwa et al.
(2004) from observations in CS (7Y6) that trace the inner region
of diameter �400 AU.

As shown earlier, the N and S disks have similar position an-
gles of�162

�
(x 3.2) and inclinations of�59

�
(x 4.1). Their ori-

entation is therefore identical (within measurement uncertainties)
to the orientation of the surrounding pseudodisk, implying that the
equatorial planes of the circumstellar disks and pseudodisk are
all parallel. In addition, the clockwise orbital motion of the
N and S components resembles the clockwise rotational motion
of the surrounding pseudodisk. Together with the relatively small
upper limit we place on their orbital eccentricity (for coplanar or-
bits), these attributes firmly indicate that both the N and S com-
ponents formed from their surrounding disklike condensation.
Specifically, our results are in accord with the idea that these com-
ponents formed via fragmentation in the central region of their
parent pseudodisk. Such a mode of formation is expected to pro-
duce systems with circumstellar disks aligned with the plane of
their parent pseudodisk, and orbital motion following the spin of
this pseudodisk (e.g., see discussion and references in Bate et al.
2000). Although one might expect the orbital plane also to be
aligned with the plane of the pseudodisk, small tilts are actually
allowed, e.g., if one protostellar component formed above, and the
other below, the midplane of the pseudodisk.

By contrast, formation by capture should preferentially form,
at least initially, binary systems with randomly aligned disks and
orbits, as well as large orbital eccentricities. Over time, the proto-
stellar disks can become aligned by gravitational interactions be-
tween the binary components. Lubow & Ogilvie (2000) have
looked at the case of binary systemswith circular orbits and found
that disks with radii significantly larger than �0.12a (where a is
the orbital radius) can be quite quickly aligned by tidal torques
(see also Bate et al. 2000). The N and S disks have radii of (at
least)�(0.16Y0.18)a and, if originally misaligned, may therefore
have become aligned by tidal torques. If so, they also are required
to align with the plane of the surrounding disklike condensation.
This could happen if the captured component is much less mas-
sive and hence its disk aligns with that of the more massive com-
ponent, which formed from and whose disk is therefore aligned
with the surrounding pseudodisk. As described in x 4.2.1, how-
ever, the N and S components appear to have essentially identical
masses. Alternatively, the disks may have become aligned with
the pseudodisk through the transfer of angular momentum from
accreting material. The conditions under which such alignment
can occur, and the timescale required, have not (to the best of our
knowledge) been elucidated.

As mentioned above, formation by capture should result in
large orbital eccentricities, perhaps contrary to the conservative
upper limit of e � 0:3 for any eccentricity in the orbits (if copla-
nar) of the N and S components. Pre-main-sequence low-mass
stars with orbital periods longer than�10 days have been found

to exhibit a broad range of eccentricities with values as large
as e � 0:8 (Melo et al. 2001). On the other hand, all those with
periods P10 days (circularization period) have essentially cir-
cular orbits (eP 0:01). The N and S components in L1551 IRS 5,
with an orbital period of�400 days (x 4.1.1), would not have had
time to circularize; instead, the 3rd component may be pumping
up their orbital eccentricity. Their relatively small orbital eccen-
tricity (if any) therefore argues against formation by capture.
The origin of the 3rd component is less clear. The disk of the

3rd component is not parallel with the N and S disks, nor with the
surrounding disklike condensation. If this component also formed
from the surrounding condensation, then its disk may have been
misaligned by gravitational interactions with its (presumably)
moremassive companions. Indeed, the size of its disk is a factor of
�2 smaller than that of the N and S components and may there-
fore fall in the regime where tidal torques can misalign originally
aligned disks (Lubow & Ogilvie 2000). On the other hand, we
cannot at the present time rule out the possibility that this com-
ponent was captured and is now accreting material from the sur-
rounding pseudodisk. Smith et al. (1997) have investigated the
stability of accreting triple protostellar systems. They find that,
in the case (such as that applicable here) where the components
have comparable masses, or where a hierarchical triple system
in which the more closely separated components each have a
higher mass than their more distant companion, accretion of
material (with nonzero angular momentum) helps to stabilize the
system.

4.4. Outflow and Accretion

Rodrı́guez et al. (2003b) showed that L1551 IRS 5 possesses a
pair of bipolar ionized jets that are quite closely aligned in the
sky. In their image at 3.6 cm, which is dominated by free-free
emission and probes spatial scales of k15 AU, the two jets ex-
hibit relatively bright central cores along with more extended
linear features. The central cores of these jets coincide with the
two main (N and S) components observed by Rodrı́guez et al.
(1998) at 7 mm. Our image at 7 mm, probing spatial scales of
k5 AU, traces higher densities in the inner regions of the jet cores
(Fig. 2). It confirms that both jets are accurately centered on, and
aligned closely perpendicular to, their corresponding circumstel-
lar dust disks.
In the image of Rodrı́guez et al. (2003b) at 3.6 cm, the core of

the S jet has a higher flux density than that of the N jet. In our
image at 7 mm, by contrast, the N jet has a higher flux density
than the S jet. Although time variability cannot be ruled out, both
of these observations were made (coincidentally) just 22 days
apart. Rodrı́guez et al. (2003a) have compiled measurements
of L1551 IRS 5 at 2 cm from 1983 to 1988, all made at spatial
resolutions of�15 AU (to measure the proper motion of the two
sources; x 3.3). At this wavelength, the emission is likely dom-
inated by free-free emission. Except for a relatively brief period
during the late 1980s when the S jet was undergoing a major
ejection event, the flux density of the N jet at 2 cm is higher than
that of the S jet.
Based on the quite closely contemporaneous measurements at

3.6 cm by Rodrı́guez et al. (2003b) and 7 mm reported here, the
N jet has a spectral index (�) of 0:53 � 0:03 and the S jet has
�0:15 � 0:08 (where the flux density S / ��). The quoted un-
certainties in the spectral indices include an estimated uncertainty
of �10% in the inferred flux densities of the jets at 7 mm. The
available data therefore suggest that (usually) the N jet is optically
thick to a shorter wavelength than the S jet, and that at wave-
lengths shorter than�3.6 cm it has a higher flux density. This in
turn implies that, for otherwise similar jet parameters, the N jet
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has a higher mass-loss rate than the S jet. As the N disk has a
factor of �2 higher brightness temperature than the S disk (see
Table 2), albeit similar dimensions, the N component also may
have a higher mass-accretion rate. If the N protostellar component
has a lower mass, as the evidence described in x 4.2.1 tentatively
suggests, then at the present time both accretion and outflow ap-
pear to be stronger onto the secondary component. Many models
of protobinary systems with unequal component masses show
that accretion preferentially occurs onto the secondary component,
driving the mass ratio of the system to unity (e.g., Artymowicz &
Lubow 1996; Bate & Bonnell 1997). A more recent simulation
by Ochi et al. (2005) for a protobinary system in a circular
coplanar orbit, however, reached the opposite conclusion.

The 3rd disk has a diameter about a factor of 2 smaller than
either the N or S disks. It has a brightness temperature that is at
least as high as that of the S disk, suggesting that this component
also is actively accreting. The 3rd component, however, exhibits
no detectable jet, with an upper limit in flux density of 0.33 mJy
(3 � detection threshold) at 7 mm. For otherwise similar param-
eters, any outflow from the 3rd component must therefore have a
mass-loss rate at least a factor of 3Y4 lower than those of the
N and S components.

In the observation of Rodrı́guez et al. (2003b) at 3.6 cm, the
cores of the N and S jets are resolved along both their major and
minor axes. These cores have deconvolved sizes along their mi-
nor axes of�12 AU, much larger than the upper limit of�6 AU
placed in our observation at 7 mm. This suggests that, at 7 mm,
we are tracing the inner denser regions of an ionized outflow that
has a relatively broad opening angle at or near its base. The out-
flow, however, must be well collimated farther out, in order to
produce the extended linear features of the jet. Shang et al. (2004)
havemodeled the core of the S jet as observed at 3.6 cm in the con-
text of the X-wind model of Shu et al. (1994). This model predicts
that protostellar outflows have an intrinsicallywide opening angle,
but a jetlike appearance in the radio because of a cylindrical-like
stratification in column density. Shang et al. (2004) were able to
reproduce the observed size of the core at 3.6 cm along its major
axis, and its radial variation in intensity within the inner regions.
The model outflow, however, is not resolved along its minor axis,
contrary to what is observed.

Shang et al. (2004) attributed the extended emission along the
minor axis of the core at 3.6 cm to shock interactions between the
wide-angle outflows of the two protostars. Indeed, away from
the cores, the directions of both jets deviate from the orientation of
the major axes of their respective cores. Rodrı́guez et al. (2003b)
attributed these deviations to shock interactions between the two
outflows, which must therefore have intrinsically wide opening
angles. If so, then such shock interactions should be even stronger
closer to the base of the outflows, and because of the higher col-
umn density here produce even stronger emission at 3.6 cm. In
this picture, the column density in the interaction region is too
low to produce detectable free-free emission at 7 mm in our ob-
servation. The observed properties of the jets at 7 mm therefore
better reflect their intrinsic properties. The challenge now is to
see whether the X-wind model, or other models, can reproduce
the measured properties of the two jets at both 3.6 cm and 7 mm.

4.5. Summary and Conclusions

We have imaged the circumstellar dust disks and bipolar
ionized jets of the multiple protostellar system L1551 IRS 5 at a
wavelength of 7 mm. Taking advantage of the nearly full comple-
ment of the Very Large Array (VLA) together with the Pie Town
(PT) antenna, our image has a factor of �2 higher equivalent

sensitivity and angular resolution than the image previously pre-
sented byRodrı́guez et al. (1998). It provides the sharpest view yet
of the properties of this system. We confirm the presence of two
components oriented approximately north-south, with an angular
separation of �0B3. Furthermore, we show for the first time the
following properties of the L1551 IRS 5 system as observed at
7 mm.

1. The two main (N and S) components each comprise a cir-
cumstellar dust disk and bipolar ionized jet, with major axes
orthogonal to each other within measurement uncertainties of
2Y3 �.

2. A third (3rd) component, having a lower flux density than
the two main components, lies�0B09 southeast of the N compo-
nent. This component would not have been detectable, or just
barely detectable, in the previous observation of Rodrı́guez et al.
(1998).We identify this component as another circumstellar dust
disk, making L1551 IRS 5 a triple protostellar system.

3. All three circumstellar dust disks are relatively small in size
compared with those of single protostars. The disks of the N and
S components have essentially identical dimensions of 16:0 �
0:7 and 17:8 � 1:3 AU, respectively, and the disk of the 3rd com-
ponent has an even smaller dimension of 8:8 � 1:1 AU (Table 3).

4. The disks of the twomain (N and S) components are parallel
with each other to within measurement uncertainties of several
degrees. The disk of the 3rd component, however, ismisaligned by
at least (40�Y47�) � 9� with respect to the two main components.

5. All three circumstellar dust disks have relatively high
brightness temperatures, which place a lower limit on their dust
temperature. The brightness temperature of the S disk is 94 �
8 K, the 3rd disk is in excess of 96 � 12 K, and the N disk is
179 � 17 K.

6. The bipolar ionized jets of the N and S components have
widths of less than 6.2Y6.4 AU (Table 2). They are therefore
collimated within a radial distance of less than 3.1Y3.2 AU of
their central protostars.

7. The bipolar ionized jet of theN component is likely to be op-
tically thick to a shorter wavelength, and its flux density higher at
wavelengths shorter than �3.6 cm, compared with the bipolar
ionized jet of the S component. For otherwise similar jet proper-
ties, the mass-loss rate of the N jet is therefore higher than that of
the S jet. Anymass loss from the 3rd component is at least a factor
of 3Y4 lower than that of the two detected jets.

Comparing with earlier measurements of the relative positions
of the N and S components, we confirmed that the S component is
moving (in projection on the plane of the sky) southeast rela-
tive to the N component. We more precisely determined their
relative motion and computed for a circular coplanar orbit the
orbital period and combined masses. We used the computations
of Pichardo et al. (2005), who predicted the maximum sizes of
binary circumstellar disks, and minimum size of their circum-
binary gap as imposed by gravitational interactions, to estimate
individual protostellar masses and place stringent constraints on
any orbital eccentricities. In using these computations, we assumed
that the 3rd component has a negligible effect on its more massive
companions. We summarize the results obtained.

1. Themeasured annual change in separation is�sep ¼ þ2:5 �
0:5 mas yr�1 toward a position angle of vP:A: ¼ 129� � 11� as
measured from the S component relative to the N component.

2. If the disks and orbital planes are aligned, the measured rel-
ative motion is consistent (<1 �) with a circular orbit. If this is
the case, then the true orbital separation of the N and S compo-
nents is 50:2 � 1:7 AU, their orbital period is 377 � 79 yr, and
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their total mass is 0:89 � 0:26 M�. Their similar disk sizes indi-
cate similar protostellar masses.

3. The measured relative motion does not rule out elliptical
orbits. The range of permitted orbital solutions, however, is larger
for smaller eccentricities. We showed that, if in an eccentric orbit,
the two components must be approaching (rather than receding
from) either apastron or periastron.

4. If in a circular coplanar orbit, the measured sizes of the
N and S disks of 16Y18 AU are smaller than their predicted max-
imum sizes of �26 AU. We note that the measured sizes may
underestimate the true sizes of the N and S disks if, for example,
the outer regions of the disks lie below our detection threshold.
The same predictions place a conservative upper limit of e � 0:3
on any orbital eccentricity if the two components are approach-
ing apastron.

5. Gravitational interactions between the protostellar compo-
nents and their surroundingmolecular gas and dust condensation
should drive a circumbinary gap into this condensation. Present
observations (Looney et al. 1997; Momose et al. 1998; Takakuwa
et al. 2004) place an upper limit of�200 AU on the radius of any
such gap. If in a circular orbit, the predictedminimum radius of the
circumbinary gap driven by the N and S components is�100 AU,
in agreement with the observed upper limit. The same prediction
places a conservative upper limit of e � 0:3 on any orbital eccen-
tricity if the two components are approaching periastron.

6. We make a crude estimate for the protostellar mass of the
3rd component of at most �0.1 M�, and its true orbital separa-
tion from the N component of at least �23 AU.

We compared the orientation of the circumstellar disks, and
orbital motion of the N and S components, to the orientation and
rotational motion of their surrounding molecular gas and dust
pseudodisk (Looney et al. 1997; Momose et al. 1998; Takakuwa
et al. 2004). Their relationship, and consequences for their forma-
tion scenarios, are as follows.

1. The orientation of the N and S circumstellar disks is paral-
lel (to within measurement uncertainties) with that of the sur-

rounding pseudodisk. Furthermore, the clockwise orbital motion
of these components resembles the clockwise rotational motion of
the pseudodisk.
2. Our results are in accord with the simplest predictions of

fragmentation, but in contrast with those of capture, for the for-
mation of the N and S components. Specifically, fragmentation
in the central region of their parent pseudodisk should produce
systems with circumstellar disks aligned with the plane of their
parent pseudodisk, and orbital motion following the spin of this
pseudodisk. By contrast, formation by capture should form, at
least initially, binary systems with randomly aligned disks and
orbits, as well as large orbital eccentricities. Alignment of pro-
tostellar disks by tidal torques is possible, but to be aligned with
the surrounding pseudodisk requires the captured component to
be much less massive than the component that formed from the
pseudodisk. This is contrary to the essentially identical masses
we infer for the N and S components.
3. The origin of the 3rd component, whose disk plane is not

aligned with either the N or S components or the surrounding
pseudodisk, is at present unclear. Misalignment of this relatively
small circumstellar disk by its more massive companions is
possible. On the other hand, this component may have been
captured.

Future observations of the (relative) proper motion of the
3rd component could help distinguish between the two above-
mentioned possibilities for its origin. Such observations also
could provide a more precise measurement of the relative proper
motion of the N and S components, and narrow the range of
possible orbital eccentricities as well as any tilts between the disk
and orbital planes.

J. Lim acknowledges support from the National Science
Council of Taiwan for conducting this work.
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Melo, C. H. F., Covino, E., Alcalá, J. M., & Torres, G. 2001, A&A, 378, 898
Momose, M., Ohashi, N., Kawabe, R., Nakano, T., & Hayashi, M. 1998, ApJ,
504, 314

Ochi, Y., Sugimoto, K., & Hanawa, T. 2005, ApJ, 623, 922
Pichardo, B., Sparke, L. S., & Aguilar, L. A. 2005, MNRAS, 359, 521
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