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Abstract 

High-resolution near-infrared J-band imaging with the Subaru Telescope has demonstrated, for the 
first time from the ground, two independent jets emanating from the protostar L 1551 IRS 5. Successive 
near-infrared spectroscopy has revealed that the jet emission is dominated by [Fe n] lines in the J- and 
H-bands. While the visual-extinction estimated from the [Fen] line ratios reaches more than 20 mag in 
the close vicinity of IRS 5, it decreases rapidly at ",I" from IRS 5 and remains constant around 7 mag at 
larger distances. The electron density in the jets is estimated to be 106 cm-3 near IRS 5 and is 104 to 
105 cm-3 in their outer section. The twisted appearance ofthe jets, with bright knots especially prominent 
in the northern jet, is similar to the R-band jets observed with the Hubble Space Telescope. These results 
suggest that the twisted structure and bright emission knots are intrinsic to the jets and are not due to a 
spatial variation of the extinction. 
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1. Introduction 

L 1551 IRS 5 is one of the best-studied young stellar ob­
jects (YSOs) associated with an optical jet (Mundt, Fried 
1983), a molecular outflow (Snell et al. 1980; Uchida et 
al. 1987), and Herbig-Haro objects (Davis et al. 1995; 
Hodapp, Ladd 1995). Recent high-resolution observa­
tions have revealed details of L 1551 IRS 5 (hereafter 
often referred to simply as IRS 5) and its close vicin­
ity. VLA observations in various wavelength ranges dis­
covered two thermal dust emission sources separated by 
'" 40 AU from each other inside a larger disk of '" 160 AU 
in diameter (Layet al. 1994), suggesting a young binary 
system embedded in a circumbinary disk (Rodriguez et 
al. 1998). An infalling circumstellar envelope was found 
surrounding the binary system and the circumbinary disk 
with the Nobeyama Millimeter Array (Ohashi et al. 1996; 
Momose et al. 1998). At optical wavelengths, extensive 
studies have focused on the jet emanating from IRS 5. 
This jet was considered to have several knots in a wiggly 
pattern (Scarrott 1988), with the knots changing their 
positions and shapes over a period of decades (Neckel, 
Staude 1987; Campbell et al. 1988; Fridlund, Liseau 
1994). High-resolution observations have revealed two 
rows of knots, which have been interpreted as a structure 

caused by the precession of a single jet (Campbell et al. 
1988; Fridlund, Liseau 1994) or the limb-brightening of a 
single jet (Mundt et al. 1991). Recently, however, Hub­
ble Space Telescope (HST) observations have resolved the 
'jet' into two separate features showing different veloci­
ties and velocity gradients, suggesting that there are two 
independent jets, possibly arising from each star of the 
binary system (Fridlund, Liseau 1998, hereafter FL 98). 

In this paper we discuss a near-infrared imaging and 
spectroscopic study of L 1551 IRS 5, carried out as part 
of first light observations with the Subaru Telescope. 
Thanks to the high imaging performance of the telescope, 
the two jets, emitting strong infrared [Fe II] lines, were 
clearly resolved for the first time from the ground. The 
jets share similar characteristics with the optical HST 
image in their twisted shape, implying thatthe twisted 
and knotty structure is intrinsic to the jets. We discuss 
the nature of the jets. 

2. Observations 

Near-infrared imaging observations of L 1551 IRS 5 
were carried out on 1999 January 14 using the Subaru 
Telescope at the summit of Mauna Kea, with the in­
frared camera CISCO (Motohara et al. 1999) mounted 
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Table l. Flux of the lines. * 

ID Slit position t Object Jet posit.ion· [Fen] [Fen] 
12566 A 12785 

A +0~'1 Cont. 3.8 (0.8) 
B -0.6 Cont. and jet O~' 26.4 (1.0) 
C -1.1 Cont. and jet 0.2 69.3 (1.8) 
D -1.6 Cont. and jet 0.4 41.0 (1.9) 
Ea -2.4 Cont. 1.1 
Eb -2.4 Jet(N) 2.3 70.2 (4.6) 13.2 (5.2) 
Ec -2.4 Jet(S) 29.2 (4.1) 
Fa -2.7 Cont. 
Fb -2.7 Jet(N) 95.8 (2.0) 
Fe -2.7 Jet(S) 20.1 (6.4) 
Ga -4.0 Jet(N) 67.1 (3.9) 
Gb -4.0 Jet(S) 17.7 (5.4) 
Ha -4.3 Jet(N) 23.1 (1.0) 
Hb -4.3 Jet(S) 19.9 (5.0) 
Ia -7.1 Jet(N) 25.1 (8.8) 
Ib -7.1 Jet(S) 21.6 (2.3) 

'Unit of flux is arbitrary. Uncertainties are in parentheses. 
tSlit position, + as east, - as west. 

[Fen] [Fen] [Fen] 
12942 13205 15334 

9.4 (1.4) 25.8 (4.4) 
38.1 (4.2) 38.8 (1.4) 
33.4 (5.4) 22.1 (1.2) 

19.2 (1.6) 25.5 (2.1) 20.7 (1.1) 

40.5 (3.8) 27.2 (1.7) 

20.1 (0.7) 22.1 (7.1) 

5.8 (1.4) 
7.6 (3.9) 

[Fen] 
15995 

21.2 (2.5) 

13.0 (1. 7) 

23.0 (3.1) 

20.5 (4.7) 

[Fen] 
16435 

21.7 (1.1) 
1l0.6 (3.3) 
103.9 (7.6) 
61.3 (2.4) 
15.6 (3.0) 

112.3 (1.9) 
45.2 (4.5) 

9.0 (3.4) 
127.8 (4.0) 

24.2 (2.9) 
92.3 (4.4) 
31.5 (2.2) 
36.3 (3.0) 
35.5 (2.3) 
35.7 (2.0) 
29.0 (3.5) 

[Fen] 
16769 

13.7 (1.7) 

19.1 (3.6) 

9.3 (4.2) 

t Jet position measured from the continuum, direction to south. 

at the F /12 Cassegrain focus. CISCO is equipped with 
a 1024 x 1024 pixel HgCdTe array with a pixel scale 
of 0!'116 pixel-I, providing a total field of view of 
118" square. Under a seeing condition of typically O!' 4 
(FWHM), sixteen exposures of 10 s each were obtained 
at the J-band, and fifteen exposures of 0.5 s each at the 
K' (2.13 /lm) band. Data reduction was performed with 
the IRAF packages. The flat-field frames for the J and 
K' images were constructed from median-filtered images 
of the corresponding sky frames. 

The J- and H-band spectra were obtained on 
1999 February 2S with the Subaru telescope utilizing 
the JH-grism spectroscopy mode of CISCO, which pro­
vided a spectral resolution of rv 2S0 at 1.4 /lm. Typi­
cal FWHM of the point-spread function was again O!' 4 
throughout the observations. A I" width slit, aligned 
north-south, was used, and IRS 5 was observed at 9 posi­
tions with 15" dithering along the declination to provide 
sky subtraction. The 9 slit positions are shown in figure 1 
(Plate IS). Note that the slit covered both (northern and 
southern) jets in the outer section. Three exposures of 
20 s each were made at each slit position. We took a 
J-band image before setting the grism in the CISCO op­
tics, to ensure correct placement of the slit. The slit 
was first set at the eastern-most position (spectrum ID 
= A), shown in figure 1 (Plate 18). A significant drift of 
the telescope pointing was determined, with successive 
spectra being taken further to the east of slit position A. 
The relative slit positions of the second, third, and forth 
spectra (IDs = B, C, and D), with respect to the eastern­
most position, were determined from their J-band fluxes. 
The relative slit positions for the remaining five spectra 
(E-I) were not determined and have positional uncer­
tainties of O!'S, i.e., the pointing uncertainty of the tele-

scope. The absolute slit positions were calibrated rela­
tive to the centroid of the IRS 5 radio continuum sources 
at a(2000) = 4h2sm40~242, 8(2000) = +IS001' 42!'09, 
41!'77 (Rodriguez et al. 1998) by taking the RA offset 
of the J-band peak to be 0!'S7 west with respect to the 
continuum source. This value was derived by averaging 
1!'1 and O!'S, which are the offsets of the z and H-band 
peaks, respectively, to the centroid of the radio contin­
uum sources (Campbell et al. 1985; Hodapp et al. 19S5), 
and by projecting the mean offset onto the RA axis. The 
overall uncertainty for the absolute slit positions is there­
fore rv 0!'15. SAO 939S6 (A3 V) was used as a standard 
star for spectral calibration. 

Flat-field frames for the spectral data were made from 
median-filtered images of the J-band sky frames. OH 
lines in the sky portion in each spectrum were used for 
wavelength calibration, and the resultant wavelength un­
certainty was S A rms. The standard star spectrum 
contained absorption lines of the Brackett series in the 
H-band; they were interpolated and removed. The ob­
ject spectra were divided by the standard star spectrum 
and were multiplied by a blackbody spectrum represent­
ing the standard star. Fluxes of the emission lines were 
computed using the SPLOT task of IRAF. The uncer­
tainty in the continuum level subtraction determined the 
line-flux uncertainty. The parameters and results of spec­
troscopy are tabulated in table 1. 

3. Results and Discussion 

3.1. Two Jets of Ionized Iron 

Figure 1 (Plate IS) shows a composite J and K' image 
of the 60" x SO" region around IRS 5. The two jets are 
clearly separated from and parallel to each other, with 
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Fig. 3. J-band contour map of L 1551 IRS 5. The positions of compact radio continuum sources IRS 5 are shown by filled 
triangles. The peak-intensity positions along two jets are traced by dotted lines. Contour lines are drawn at relative 
intensities of 36 + 5.6 X lOi / 4 (i = 0, 1,2,·· .). 

both jets disappearing at rv 10/1 from IRS 5 (1400 AU 
for the assumed distance of 140 pc to L 1551). At this 
position the northern jet is terminated with a bright knot 
called "D" (Neckel, Staude 1987), while the southern jet 
smoothly disappears. Both jets have a similar brightness 
at 5/1-9/1 away from IRS 5, whereas the northern jet is 
stronger at knot D as well as in the region closer to IRS 5. 

In order to see the jet morphology in more detail, we 
show the J-band image of the central 23/1 region in log 
scale [figure 2 (Plate 19)], as well as a contour presenta­
tion of the J-band image in figure 3. On the contour plot 
the peak positions along each jet are traced. While the 
two jets are relatively straight and parallel to each other 
at positions more than 4/1 away from IRS 5, they change 
flow directions in the inner section and converge on a 
compact region, where two sources were discovered emit­
ting a thermal dust continuum (Rodriguez et al. 1998). 
The northern jet is ejected along a position angle (PA) 

of 2540 near to the origin, changing its direction slightly 
to the north with PA = 2800 at a distance of 4~13, and 
then turning to the south with PA = 2470 at a distance 
of 5~17. The southern jet, on the other hand, is initially 
ejected toward the southwest with PA = 2330 , making a 
change of direction to the north with PA = 2580 at 6~10, 
and turning to PA = 245 0 at 8~'2 from IRS 5. 

Figure 4 shows the J-band contours superimposed on 
the HST R-band image (FL 98). The jets in the J-band 
show basically the same morphological characteristics as 
those in the R-band. It is remarkable, in particular, that 
each of the R-band emission knots seen predominantly 
in the northern jet has corresponding J-band emission. 
Except for the innermost knot of the northern jet « 4/1 
from IRS 5), the brightness ratio of the knots relative to 
the quiescent portion of the jet is rv 2 in the R-band, 
which is larger than the J-band ratio of rv 1.3. This fact 
makes the northern jet, having many of knots, apparently 
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Fig. 4. J-band contour map superimposed on the R-band HST image (FL 98). The field of view is 17" x 8~/5. North is up, 
and east is toward the left. 

Table 2. Flux ratio of the lines, extinctions, and electron densities. 

ID ~ !lao !lao Av log N e (164/153) log Ne (153/125) 
1125 1164 1125 

A ......... 5.75~6:~~ 21.9~~:~ 

B .......... 4.19~g:~~ 0.26~g:gj 0.68~g:~g 18.5~g:~ 4.4±0.2 >6 

C .......... 1.50~g:~6 0.42~g:g~ 0.39~g:g~ 

D ......... 1.50~g:g~ 0.40~g:g~ 0.37~g:g~ 

Eb ........ 1.60~g:6~ 0.21~g:g~ 0.20~g:g~ 

Ec ......... 1.55~g:~~ 
Fb ........ 1.33~g:g~ 0.24~g:g~ 0.20~g:gi 

Fe ......... 1.20~g:j~ 

Ga ........ 1.38~g:~g 0.27~g:g~ 0.23~g:g~ 

Gb ........ 1.78~g:~~ 
Ha ........ 1.57~g:i~ 
Hb ........ 1.78~g:j: 
Ia ......... 1.42~g:~~ 
lb ......... 1.34~g:~g 

*Extinction corrected. 

brighter as a whole than the southern jet in the R-band. 
FL 98 argued that the northern jet is a currently active 
one, whereas the southern jet may be a fossil remnant of 
an outflow active in the past. The J-band image shows, 
however, that both the northern and southern jets have 
similar brightness, except for the knots, implying that 
both jets may be currently active. 

Figure 5 shows a JH-grism spectrum of the north-

7.6~g:~~ >5.6 (10000 K, 12000 K) >6 

7.5~g:~ >5.4 (10000 K, 12000 K) >6 

8.2~g:~ 4.05±0.05 4.7±0.1 

7.9~~:: 

6.3~g:: 4.2±0.2 4.7±0.1 

5.2~~:~ 

6.6~g:: 4.4±0.4 or > 6 (3000 K) 4.7-0.3 or > 6 

9.4~~:~ 

8.1~~:~ 

9.4~~:~ 

7.0~~:~ 

6.3~i:~ 

ern jet at slit position E, which is 2~' 4 west of the radio 
continuum source along the northern jet. Most of the 
spectral features are identified as [Fe n] emission lines, 
as indicated in the figure, suggesting that the jets are 
predominantly bright in the [Fe n]lines. The [Fe n]line' 
fluxes listed in table 1 indicate that the emission lines are 
more than 3-times stronger in the northern jet than in 
the southern jet within 4" of IRS 5. The jets show simi-
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Fig. 5. J H-band spectrum of the northern jets (spec­
trum ID = Eb). The wavelength of the [Fe II] lines 
are shown by bars at the top and bottom of the 
figure. 

lar [Fe n]line fluxes at slit position I (7" west of IRS 5), 
consistent with the apparently similar J-band brightness 
of the two jets around this position, as mentioned above. 

3.2. Extinction and Electron Density 
We list in table 2 the visual extinction and elec­

tron density determined at each slit position. The ex­
tinction to the jets was estimated from the flux ra­
tio of the [Fe II] 1.644 J.lm/1.257 J.lm lines, assuming an 
intrinsic ratio of 0.74 (Nussbaumer, Storey 1988). We 
then calculated the electron density of the jets from the 
extinction-corrected [Fe II] 1.257, 1.533, and 1.644 J.lm 
line fluxes (Nussbaumer, Storey 1988; Pradhan, Zhang 
1993). These line ratios are sensitive diagnostics to the 
electron density between 3x102 and 3x105 cm-3 with 
little dependence on the electron temperature (Hamman 
et al. 1994, and references therein). 

The spatial variation of visual extinction toward the 
jets is shown in figure 6. The extinction rapidly decreases 
beyond I" from IRS 5. A maximum visual extinction of 
22 mag was observed toward the center of IRS 5, and is 
consistent with the previous measurements of extinction 
to this object (Ladd et al. 1995; Fuller et al. 1995). The 
high extinction toward of IRS 5 and its rapid decrease at 
a distance of I" may suggest that the compact dust disk 
(Layet al. 1994) or the inner part of the infalling gas disk 
(Ohashi et al. 1996; Momose et al. 1998) is responsible 

20 

15 

10 

5 

• Canbnuum 

• Jet (N) 
.. Jet (s) 

Position to IRS 5 ( arcsec ) 

Fig. 6. Visual extinction estimated from the line ratios 
of the [Fe II] lines. The positions are measured in 
the direction of the jets. 

for the localized extinction, since their projected radii on 
the jet direction have a size comparable to that of the 
high-extinction region. 

The extinction in the outer section (more than I" away 
from IRS 5) is around 7 mag, and is constant within the 
measurement uncertainties (typically 3 mag). This again 
demonstrates that the brightness variation and twisted 
structure of the jets is not due to inhomogeneities in the 
circumstellar matter distribution, but is intrinsic to the 
jets. 

The electron density in the jets is plotted against the 
distance from IRS 5 in figure 7. It is 104-105 cm-3 in 
their outer section, where it does not show a large vari­
ation, given the uncertainties. It may tend to increase 
to rv 106 cm-3 within 2" from IRS 5, although the large 
uncertainties seen in figure 7 prevent us from reaching 
a definite conclusion about the spatial density variation 
in the jets. The derived density is higher than that es­
timated from the optical [S II] lines (FL 98). This may 
be because the [S n] line ratio is sensitive to the elec­
tron density between 102 cm-3 and 104 cm-3 , which is 
10-times lower than the sensitive range of [Fe II]. 

3.3. The Twisted Structure 
The similarities in the morphology between the J - and 

R-band jets, together with the relatively homogeneous 
extinction toward them, affords evidence that the twisted 
pattern and knotty appearance is intrinsic to the jets. It 
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may not be straightforward, however, to understand the 
physical mechanism responsible for such a zigzag struc­
ture. 

The precession of the driving stars is often invoked as 
the cause of such wiggly patterns observed in galactic 
and extragalactic objects (Terquem et al. 1999). It may 
be difficult to apply the to the present case, however, 
when we consider the dynamical time scales. The time 
scale of the jets is rv 30 yr if we assume a jet speed of 
300 km S-1. The precession time scale, if the twisted pat­
tern is produced by precession, might thus have a time 
scale of rv 10 yr, which is more than an order of mag­
nitude smaller than the orbital period of rv 250 yr for a 
binary system of 0.5 M@ stars separated by 40 AU It is 
difficult to make a dynamical model with such a short 
precession period. Moreover, the jet appearance is not 
sinusoidal either, which we would expect if periodic pre­
cession is the main cause of the zigzag pattern. 

Magnetic fields may provide an alternative mechanism 
for producing wiggly jets. Each jet may originally be 
ejected along the polar axis of each star, but changes its 
direction to be aligned with the ambient magnetic field 
when the kinetic energy density of the jets, which may 
gradually decrease with distance from IRS 5 due to ex­
pansion, becomes comparable to the energy density of the 
ambient magnetic field. The bend at a distance of rv 4" 
seen in both jets might correspond to such a place. In 

this case the twisted jet pattern is stationary and is un­
changed on a time scale longer than the dynamical time 
scale. In fact the [8 II] image of the L 1551 jet obtained 
on 1986 Dec 31 (Mundt et al. 1991) has a knot which 
appears to correspond to the innermost bright part of 
the northern jet in our image, suggesting that the bright 
part of the jet existed more than 10 years ago. It may 
therefore be interesting to monitor the time variation of 
the twisted pattern to obtain a true understanding of its 
mechanism. 

We are grateful to Drs. Luis Rodriguez, Alan 
Tokunaga, and Hiroshi Kinoshita for fruitful discussions. 
We thank Dr. Chris Simpson for reading the manuscript. 
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Plate 18 

Fig. 1. Pseudo-colored near-infrared image of L 1551 IRS 5. The field of view is about 60" x 80". The J-band emission is 
registered as green, and K' as red, respectively. The slit positions of the spectroscopic measurement are indicated at 
the top and bottom of the image by yellow bars. North is up, and east is toward the left. 

y. ITOH et al. (See Vol. 52, 82) 
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Plate 19 

Fig. 2. J-band image of L 1551 IRS 5. The field of view is 23" x 23". A logarithmic intensity transfer table was used. 
North is up, and east is toward the left. 

y. ITOH et al. (See Vol. 52, 83) 
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