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Summary. IRAS CPC observations of a region measuring 25x25 arcmin2 in the 
NGC 1333 molecular cloud have revealed nine distinct far-infrared sources, many 
of which have not previously been reported, with luminosities ranging from 3 to 

161L0. Some are known to be associated with very young, pre-main-sequence 
stars and are important in understanding the production mechanisms of the 
Herbig-Haro objects found in their vicinity. 

1 Introduction 

The region lying south of the reflection nebula NGC 1333 is known to be associated with active 
star formation and contains many near- and far-IR sources embedded in a molecular cloud in 
which CO observations have shown that there are high-velocity bipolar outflows of gas. The 
stages in stellar evolution represented range from heavily embedded pre-main-sequence stars 
through to main-sequence late-type B stars almost completely free of their parental cloud. The 
region has a considerable number of Herbig-Haro (HH) objects and while it is of interest to 
determine their driving sources, this is not always possible due to the complexity of the region. 

This paper reports far-IR observations of an area of about 625 arcmin2 using the Chopped 
Photometric Channel (CPC) aboard the infrared satellite IRAS. The main aims of the 
observations were: 

(i) To locate and measure the luminosity of the stars powering the HH objects in the region. 
(ii) To search for proto-stars, i.e. stars in the collapse phase of their evolution. 

Previous observations of this region in the far-IR have been made from the NASA Kuiper 
Airborne Observatory by Harvey, Wilking & Joy (1984) who published a map at 100//m showing 
the four principal sources. They also give the energy distribution of each of these sources in the 
range from 1 to 160//m. The IRAS CPC data reveal a further five far-IR sources. 

Many references to observations at other wavelengths, which are relevant to the study of this 
region, are given in the paper by Harvey et al. (1984). There are also a number of recent papers 
which include maps of the HH 7-11 complex in the S'(l) emission line of molecular hydrogen at 
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2.12/um (Zealey, Williams & Sandell 1984) and also in the Q-branch lines around 2.42//m 
(Lightfoot & Glencross 1986). 

2 Observations 

The IRAS Chopped Photometric Channel (CPC) had two channels at wavelengths of 50 and 
100/zm. A single aperture of 1.2arcmin was chopped against a cold reference blade in order to 
modulate the incoming radiation and provide an absolute reference. Although the sensitivity of 
the CPC was not as high as that of the IRAS survey detectors [10asensitivities were 7.0 Jy at both 
50 and 100¿um for the CPC, compared with 0.85 and 3.0 Jy for the Survey Array 60 and 100¿um 
channels respectively (Neugebauer etal. 1984)], it had the advantage of higher spatial resolution. 
A more detailed description of the CPC can be found in the paper by Wildeman, Beintema & 
Wesselius (1983). 

A single CPC observation consisted of an 18 leg raster scan covering an area of about 
9x9 arcmin2. The in-scan data were averaged to give a sample spacing of 0.5 arcmin and, in the 
final post-mission processing, the data were cleaned (i.e. detector spikes removed), gain 
corrected and interpolated on to a uniform 0.5 arcmin grid aligned with the local directions of RA 
and dec. Nine such observations were required to cover the 25 arcmin square box observed and 
each observation was repeated. 

3 Data reduction 

The nine frames and their repeats were checked for inconsistencies before being combined to 
form a single map, 25 x25 arcmin2, for each of the two wavebands. Differences, of a few per cent, 
between the background signals in adjacent 100/zm frames were observed, resulting mainly from 
time- and flux-dependent sensitivity variations of the CPC detectors (Wesselius et al. 1985). 
These discrepancies were minimized with the use of a background normalization procedure 
which consisted of offsetting the data such that the lowest 10 per cent of the pixels in each frame 
had the same mean value. This problem did not arise in the case of the 50-/zm maps. 

A temperature map was derived by calculating a temperature, T, for each pixel from the ratio 
of the flux densities Fi and F2 (Jy) at corresponding wavelengths Ax and À2 (50 and 100/zm), 
assuming a dust emissivity proportional to v, when 

The nine sources identified in this region can be seen on the 50 and 100 ¿urn maps (Figs 1 and 2), 
but due to the presence of IR cirrus the sources appear less distinct on the 100¿urn map. The major 
discrepancy between the detections in the two bands is an area of emission to the east of the main 
sources on the 100 ¿urn map. This may well be due to the presence of very cold dust in this region. 

Before measuring the flux from the individual sources, a maximum entropy deconvolution 
procedure was applied to the data to help remove the point spread function. This process did not 
affect the total flux but helped to delineate the sources. The flux at each wavelength was obtained 
by summing the relevant pixels and subtracting the local background. The total IR flux was then 
calculated using the temperatures already deduced. 

The usual distance assigned to NGC 1333 of 500pc is based on photometry of BD+30°549, a 
B9V type star (Strom, Grasdalen & Strom 1974), which illuminates this portion of the dark 
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NGC 1333 50 MICRON 
RA. origin 326 0.0 
Dec. o r i g i n +31 10 0 

Seconds 60 45 30 15 0 -15 -30 -45 -60 

Figure 1. CPC channel 1 (50/4m) flux map. The area scanned by the CPC is indicated by 
levels are 80, 100, 180, 270, 400, 600, 910 and 1370MJy Ster"1. the dotted box. Contour 

cloud B205. However, more recent evidence presented by Herbig & Jones (1983) suggests that a 
distance of 350pc is more appropriate and this has been adopted here. It is assumed that all the 
sources are at approximately the same distance since this part of the sky does not lie in the galactic 
plane and chance coincidences are unlikely. 

NGC 1333 100 MICRON 
R-A. origin 3 26 0.0 
Dec. origin +31 10 0 

Seconds 60 45 30 15 0 -15 -30 -45 -60 

X¿s,e? Channel 2 (100,“m) fIux map' Contour levels are 170, 200, 250, 380, 575, 860, 1290 and 
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4 Results 

The CPC data are presented in Table 1, the sources being listed as IRAS 1 etc. and any relevant 
associations being given. Table 2 is an extract from the IRAS Point Source Catalog (Beichman et 
al. 1985) for the region scanned by the CPC detectors. This catalogue was compiled using data 
from the survey detectors onboard IRAS which provided information in four wavebands at 12,25, 
60 and 100 //m. The catalogue revealed eight sources in the region discussed here, six of which are 
in the vicinity of CPC flux peaks. The accuracy of the point source fluxes is limited by confusion 
with nearby neighbouring sources and, at longer wavelengths, by the presence of IR cirrus. This 
problem of confusion is illustrated by the fact that four of the point sources in this region have 
been assigned, prior to colour correction, identical 100¡am fluxes of 946.7 Jy. The extent of such 
confusion in a particular region of the sky can be deduced from the data quality flags which 
accompany each flux measurement. Comparison of the 60 and 100//m survey and the 50 and 
100 //m CPC bands reveals reasonable agreement when the confusion and quality flags make such 
a comparison valid. 

As previously mentioned, maps at 50 and 100//m of the region are shown in Figs 1 and 2. Fig. 3 
is the temperature map derived as described above. Fig. 4 is a flux-flux plot of the nine CPC 
sources in the region; this is an alternative way of presenting the data and its significance is 
discussed below. Plate 1 is an optical photograph of the region showing the location of the 
Herbig-Haro objects; using the position of stars seen on the photograph, sufficient 50//m 
contours have been superimposed to identify the CPC sources discussed and the point source 
detections in this area, as listed in the IRAS catalogue, are indicated. 

5 Discussion 

The NGC1333 region contains many previously identified IR sources, Herbig-Haro objects and 
water masers. Here we are primarily concerned with establishing the relationship between IR 
pre-main-sequence stars and nearby associations of Herbig-Haro objects which are generally 
accepted to be tracers of the outflow from such stars. [A general treatment of molecular outflows 
is given in the review by Lada (1985)]. While some of the Herbig-Haro objects are single and 
isolated, the majority are contained in the three regions HH 7-11, 12 and 6. 

5.1 HH 7-11 

The environment surrounding Herbig-Haro objects 7-11 (see Plate 1) has been studied 
extensively in the optical, IR and radio. With the exception of HH 9, optical observations show 
that the objects HH 7-11 lie essentially in a straight line (Mundt 1985). Lightfoot & Glencross 
(1986) have recently proposed a model explaining the observed pattern of Herbig-Haro objects, 
including HH9, as being the result of a highly collimated precessing jet interacting with the 
ambient molecular material. The energizing source for HH 7-11 is the young stars SSV 13 which 
is positioned at the HH 11 end of the chain of HH objects and corresponds to the source IRAS 3. 
The presence of this star was originally deduced from IR observations (e.g. Strom, Vrba & Strom 
1976), and more recently it has been detected in red CCD images obtained by Liseau (1985). He 
gives its coordinates as ör=03h25m58!18, <5=31o05'44'.'8. An optical spectrum of SSV 13, 
obtained by Goodrich (1986), shows a weak continuum, rising steeply towards the red, upon 
which are superimposed Hör, [Oí] and [Su] emission lines, reminiscent of low-excitation HH 
objects. However, this spectrum may well be that of associated nebulosity rather SSV 13 itself. 

CO observations over a large area by Snell & Edwards (1981) and Edwards & Snell (1983) have 
mapped a bipolar flow, the blueshifted lobe of which lies along and surrounds the HH objects and 
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NGC 1333 

beam 

HH 4 

HH 17 

1' 

HH 16 

HH 18 

\ 
/HH 15 ^HH13 

Plate 1. Optical map of the region (by kind permission of G. H. Herbig) with several 50//m contours (levels 100,170, 
290, 490, 830 and 1400 MJy Ster-1) superimposed. The point source detections are indicated by crosses and referred 
to by lower case letters, as listed in Table 2. The positions of several Herbig-Haro objects, together with stars SSV 11 
and 107 (labelled SYS 11 and 107 respectively), have been indicated. The non-coincidence of the CPC flux peaks with 
the positions of the point sources is due to positioning uncertainties. 

[facing page 464] 
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NGC 1333 TEMPERATURE 
R.A. origin 326 0.0 
Dec. origin+3110 0 

Seconds 
60 45 30 15 0 -15 -30 -45 -60 

15' 

10 

5' 

0 1 

-5 ' 

-10 

Figure 3. Dust temperature map obtained from the 50 and 100jum data, assuming a dust emissivity oc 1/A. A minimum 
requirement of SOMJySter“1 flux in each band was applied and this is indicated by the solid line enclosing the 
temperature contours. Contour levels are 35, 37, 39, 41, 43, 45, 47 and 49 K. Peak temperature contour for IRAS 1 
and 8 is 49 K, and that for IRAS 3 is 45 K. 

their powering source (no Herbig-Haro objects are observed in the redshifted lobe, prob 
because of the greater extinction into the cloud). SSV 13 is also associated with a water ir 
H20(A) (Haschick et al. 1980). We measure the total IR luminosity in this region as 46 L© winch 
compares well with the figure of 44L0 obtained by Harvey et al. when adjusted to a distance oF 

350 pc. 

5.2 HH 12 

HH 12, to the north-north-west of SSV 13 (IRAS 3), is a collection of Herbig-Haro objects of 
similar brightness to those in HH 7-11 (Plate 1). The closest IR source, SSV 12 (see Cohen & 

Figure 4. The flux in Janskys at 50 and 100//m (F5o and Pioo> respectively) of the sources listed in Table 1 have been 
plotted together with isothermal lines for 30 and 40K (for an emissivity ^ 1/A). IRAS 8 has been scaled down by a 
factor of 3 to include it in the plot. Error bars shown correspond to a (relative) uncertainty of 15 per cent in the fluxes. 
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Schwartz 1980) - here, IRAS 6 - lies to the east of the HH objects which have been shown to have 
velocities predominantly to the NNE (Herbig & Jones 1983). Although this source has an infrared 
luminosity of 28 L© and a dust temperature of 37 K, making it an ideal candidate for the 
energizing source, it is difficult to see how it can be responsible for the HH objects because their 
velocities are directed more towards IRAS 6 than away. 

Several other possible candidates have been proposed as the driving force for HH 12. Herbig & 
Jones (1983), from the backward projection of the proper motions of some of the separate HH 
objects in the HH 12 association, suggested the star SSV11 as the exciting source, whereas Strom, 
Strom & Stocke (1983) prefer the star SSS107 on the basis of a tenuous line of Ha emission to HH 
12. Neither of these stars are detected by the CPC observations which implies that there may be 
other candidates which are below the CPC detection level. A source which was detected in the 
vicinity was IRAS 5, a relatively weak source (~3 L0) about 3.5 arcmin from HH 12 and which is 
associated with some reflection nebulosity. There is also the possibility that SSV 13 is playing a 
role in the energetics of HH 12, being only a little further away (4 arcmin) and having a much 
greater luminosity (46 L0); while the CO outflows do not support this idea it is interesting to note 
that the direction of movement of component F of HH 12 (Herbig & Jones 1983) back projects to 
this star. 

5.3 HH 6 

HH 6 is coincident with our low-luminosity source IRAS 7. No exciting source has previously 
been identified with HH 6, which is associated with a water maser (Henkel, Haschick & Güsten 
1986) and also with a radio continuum source which has recently been detected by Snell & Bally 
(1986). Snell & Bally propose that, in cases of low-luminosity sources, the radio emission can 
result from high-velocity outflow in a stellar wind. The luminosity of IRAS 7, 18 L0, and the 
presence of HH 6 confirms that this is a likely scenario in this case. 

5.4 HH 17 

No significant far-IR emission was detected in the immediate vicinity of HH 17 by the CPC, 
however its position is coincident with the 12 and 25 jum point source detections (/, Plate 1) by the 
IRAS survey array (Table 2). These fluxes are consistent with the possibility that the source was 
too weak to be detected at 60jum. However, as the adjacent source IRAS 7 (90 arcsec from HH 
17) is not present in the IRAS Point Source Catalog, there exists the possibility that the point 
source detection at the position of HH 17 is being confused with nearby IRAS 7. In an attempt to 
determine exactly why IRAS 1 and 6 (mentioned above in connection with HH 12) are not in the 
point source catalogue, IRAS sky flux and survey raw data of the region were inspected. We 
conclude that neither of these sources were detected in the survey processing due to their 
proximity to the bright source IRAS 8 and the lower resolution of the survey arrays. 

It is interesting to note that the north-south ridge of 100//m emission in this region (Fig. 2) 
could be associated with the exciting stars for HH 17 and 4. 

5.5 HH 5, 13, 15, 16, 18 

No significant far-IR emission was detected in the vicinity of any of the other single HH objects 
scattered around NGC1333. For a typical dust colour temperature of 35 K, this gives a 10aupper 

limit for the powering stars of about 3 L0- 
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5.6 POSSIBLE PROTOSTELLAR CANDIDATES 

In this region of known star formation, we have searched for evidence of protostellar candidates. 
In such a search the first objective must be the formulation of a definition of what constitutes a 
protostellar object. In their review, Bodenheimer & Black (1978) have defined such objects as 
those having surface temperatures less than 3000 K and which are following a Hayashi track in the 

HR diagram. Infrared observations will be important to the identification of these objects since 
during collapse (and accretion) the protostar will be obscured optically by infalling cold dust and 
gas. The relationship between circumstellar material, which may be accreting on to the central 
core, and outflows has not been well established. Some models (e.g. Torbett 1984) involve a 
protostellar accretion disc generating its own outflow as a natural product. Pudritz & Norman 
(1986) have also proposed such a model which they have used to obtain masses, rotation rates and 
densities for several regions including HH 7-11. Such models are required to explain the 
extraction of angular momentum from the central rotating body. On the other hand, it has been 
suggested by Lada (1985) that an object in which inflow is still continuing is unlikely to be 
involved in mass outflow with its associated phenomena, such as Herbig-Haro objects. In this 
case the onset of this phase marks the end of star formation and the beginning of stellar evolution, 
and, as such, suitable protostellar candidates should be identified as dense cores of material not 
associated with significant outflows, or Herbig-Haro objects and observed by virtue of the 
thermal emission from the surrounding relatively low-temperature dust. 

An aid to resolving the issue of the onset of molecular outflow might come from further study of 
IRAS l, a promising protostellar candidate. It has a bolometric luminosity of 14 L© and a 
relatively high apparent dust temperature of 48K. It is highly obscured with no apparent 
association with any Herbig-Haro objects and yet CO observations of the v=3-2 and v=2-l 
lines show that it has significant outflow of gas, as recently observed by White (1986, private 
communication). 

Applying the model of Pudritz & Norman (1986), this would suggest that IRAS 1 is a very 
young object indeed, since we may well be observing it at a stage after the molecular outflow has 
begun but before the onset of an optical jet. IRAS 1 is probably the source designated FIRSSE 42 
(Price, Murdock & Shivanandan 1983), although the respective positions differ by more than 
2.5 arcmin in declination. FIRSSE 42 has a flux of 272 Jy at 93¿um compared with the IRAS CPC 
100 jum flux of 67 Jy, but this discrepancy can be attributed to the large difference in beam sizes - 
the FIRSSE search involved a 5.3 x 12 arcmin2 beam. 

Another possible protostellar candidate is IRAS 4 which, although radiating significant flux in 
both wavebands, does not have a pronounced peak on the temperature map. As this source is not 
significantly warmer than its surroundings, it could be a condensation which radiates more flux 
because of its greater optical depth or it could possibly be a protostellar object. 

The coincidence of two water maser sources H20 (C) (Haschick etal. 1980) and H20 (D) (Ho et 
al. 1982) in the vicinity of IRAS 4 adds weight to the latter possibility, since the presence of such 
masing sources in regions of ongoing star formation is thought to be indicative of mass outflows in 
the extended envelopes of young stars and Sandell & Liseau (1986, private communication) have 
recently discovered CO outflows near IRAS 4, confirming further the protostellar hypothesis. 
The masers in IRAS 4 require a source of strong IR radiation, which would be supplied by the 
dusty young star, to act as a pumping mechanism to maintain population inversion in the 
high-density H20 region in the vicinity of the star. The separation of the two masers associated 
with IRAS 4 is 1 arcmin, implying that they may be independently pumped by different sources. 
As such, IRAS 4 may well be two heavily embedded sources, lying close enough together in the 
plane of the sky, to have not been resolved by the CPC. The region is certainly highly active, 
contrary to what is observed optically, and is of considerable interest. 
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5.7 MAIN OR NEARLY MAIN-SEQUENCE STARS 

The most luminous IR source in the region is IRAS 8 at the location of the star SSV 3 which is 
powering the IR output. Harvey et al. (1984) note that the overall energy distribution of this star, 
based on 1-160//m data, resembles that of Herbig Ae-Be objects. They obtain a value of 176 L© 
at 350pc, again in line with our CPC value of 161L©. 

IRAS 9 corresponds to the star BD+30°549, which Harvey et al. (1984) have shown to be the 
least reddened of the four IR sources that they observed in NGC1333. In this case the overall data 
are consistent with the star being a nearly main-sequence late B star embedded in a diffuse cloud, 
similar to other reflection nebulae which are sources of weak, diffuse far-IR emission. Harvey et 
al. (1984) show that the measured IR radiation represents only a small fraction of the luminosity 
of the star. 

IRAS 5 is a relatively weak source with L~3 L© which has already been mentioned in the above 
section on HH12. It appears to be associated with SSV 9 and the nebulosity which can be seen on 
the photograph (Plate 1). 

IRAS 2 is coincident with the visible star BD+30°547, although this is likely to be a foreground 
star. 

6 Conclusions 

(i) The maps at 50 and 100 ¡am obtained with the Chopped Photometric Channel on IRAS show 
more structure than has previously been observed for the NGC 1333 region. The area of the maps 
was completely covered as a tight raster scan was used for the observations. Nine far-IR sources 
have been separated from the background, some of which - IRAS 4, 5 and 7 - have not been 
reported prior to these observations. Of the sources for which it is possible to compare 
luminosities, those reported here agree well with previous observations. 

(ii) The relationship between evolving stars and Herbig-Haro objects can clearly be seen for 
some of the sources (e.g. IRAS 3 and 7), but the star responsible for the HH 12 association has not 
been unambiguously identified. 

(iii) The region scanned by the CPC contains many HH objects for which no exciting star has 
been detected (e.g. HH 5, 13, 15, 16 and 18). This implies that the luminosity of these sources 
must be well below the 10cr detection limit of about 3 L©. The star (/, Plate 1) which could be 
associated with HH 17, although not detected by the CPC, was sufficiently bright at 12 and 25 //m 
to be observed by the IRAS survey array. 

(iv) IRAS 1, with its molecular outflow, is thought to be a good protostellar candidate. IRAS 4 
being cooler than the other sources detected, may contain a protostar or protostars at an even 
earlier stage. 

(v) The overall results of this investigation are summarized in Fig. 4 which is a flux-flux plot. 

Lines corresponding to radiation from dust at 30 and 40K are shown, assuming an emissivity 
proportional to 1/2. These fluxes are from the outer layers of dust which have been heated by 
partial or total absorption of the radiation from the central source. It can be seen that the dust 
temperatures cluster principally around the 40 K line, the hottest ones corresponding to sources 
such as 1, 3, and 7 which have known outflows. Other sources with outflows, e.g. IRAS 4, are 
somewhat cooler, possibly due to being at an earlier stage in their development. 
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