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ABSTRACT

Context. The NGC 1333 IRAS 4A and IRAS 4B sources are among the most well-studied Stage 0 low-mass protostars, which drive
prominent bipolar outflows. Spectrally resolved molecular emission lines provide crucial information about the physical and chemical
structure of the circumstellar material as well as the dynamics of the different components. Most studies have so far concentrated on
the colder parts (7" < 30 K) of these regions.

Aims. The aim is to characterize the warmer parts of the protostellar envelope using the new generation of submillimeter instruments.
This will allow us to quantify the feedback of the protostars on their surroundings in terms of shocks, ultraviolet (UV) heating,
photodissociation, and outflow dispersal.

Methods. The dual frequency 2 x 7 pixel 650/850 GHz array receiver CHAMP* mounted on APEX was used to obtain a fully sampled,
large-scale ~4’ x 4’ map at 9” resolution of the IRAS 4A/4B region in the 2CO J = 6-5 line. Smaller maps were observed in the
13CO 6-5 and [C1] J = 2—1 lines. In addition, a fully sampled '>CO J = 3-2 map made with HARP-B on the JCMT is presented and
deep isotopolog observations are obtained at selected outflow positions to constrain the optical depth. Complementary Herschel-HIFI
and ground-based lines of CO and its isotopologs, from J = 1-0 up to 10-9 (E, /k ~ 300 K), are collected at the source positions and
used to construct velocity-resolved CO ladders and rotational diagrams. Radiative-transfer models of the dust and lines are used to
determine the temperatures and masses of the outflowing and photon-heated gas and infer the CO abundance structure.

Results. Broad CO emission-line profiles trace entrained shocked gas along the outflow walls, which have an average temperature
of ~100 K. At other positions surrounding the outflow and the protostar, the 6-5 line profiles are narrow indicating UV excitation.
The narrow *CO 6-5 data directly reveal the UV heated gas distribution for the first time. The amount of UV-photon-heated gas and
outflowing gas are quantified from the combined '>CO and '*CO 6-5 maps and found to be comparable within a 20" radius around
IRAS 4A, which implies that UV photons can affect the gas as much as the outflows. Weak [C I] emission throughout the region
indicates that there is a lack of CO dissociating photons. Our modeling of the C'®O lines demonstrates the necessity of a “drop”
abundance profile throughout the envelopes where the CO freezes out and is reloaded back into the gas phase through grain heating,
thus providing quantitative evidence of the CO ice evaporation zone around the protostars. The inner abundances are less than the
canonical value of CO/H, = 2.7 x 107, however, implying that there is some processing of CO into other species on the grains. The
implications of our results for the analysis of spectrally unresolved Herschel data are discussed.

Key words. astrochemistry — stars: formation — stars: pre-main sequence — ISM: individual objects: NGC 1333 IRAS 4A —
ISM: individual objects: NGC 1333 IRAS 4B

1. Introduction

In the very early stages of star formation, newly forming proto-
stars are mainly characterized by their large envelopes (~10* AU
in diameter) and bipolar outflows (Lada 1987; Greene et al.
1994). As gas and dust from the collapsing core accrete onto the
central source, the protostar drives out material along both poles
at supersonic speeds to distances of up to a parsec or more. These
outflows have a significant impact on their surroundings, by cre-
ating shock waves that increase the temperature and change the
chemical composition (Snell et al. 1980; Bachiller & Tafalla
1999; Arce et al. 2007). By sweeping up material, they carry
off envelope mass and limit the growth of the protostar. They
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also create a cavity through which ultraviolet photons from the
protostar can escape and impact the cloud (Spaans et al. 1995).
Quantifying these active “feedback’ processes and distinguish-
ing them from the passive heating of the inner envelope by
the protostellar luminosity is important to achieving a complete
understanding of the physics and chemistry during protostellar
evolution.

Most studies of low-mass protostars to date have used low-
excitation lines of CO and isotopologs (J, < 3) combined with
dust continuum mapping to characterize the cold gas in en-
velopes and outflows (e.g., Blake et al. 1995; Bontemps et al.
1996; Shirley et al. 2002; Robitaille et al. 2006). A wealth of
other molecules has also been observed at mm wavelengths, but
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their use as temperature probes is complicated by their steep
abundance gradients through the envelope driven by release of
ice mantles (e.g., van Dishoeck & Blake 1998; Ceccarelli et al.
2007; Bottinelli et al. 2007). Moreover, molecules with large
dipole moments such as CH3;OH are often highly subthermally
excited unless densities are very high (e.g. Bachiller et al. 1995;
Johnstone et al. 2003). With the opening up of high-frequency
observations from the ground and in space, higher excitation
lines of CO can now be routinely observed so that their diag-
nostic potential as temperature and column density probes can
now be fully exploited.

Tracing warm gas with CO up to J = 7-6 from the ground
requires optimal atmospheric conditions, as well as state-of-
art detectors. The combination is offered by the CHAMP?*
650/850 GHz 2x7 pixel array receiver (Kasemann et al.
2006), which is currently mounted at the Atacama Pathfinder
EXperiment (APEX) Telescope at 5100 m altitude on Cerro
Chajnantor (e.g. Giisten et al. 2008). Moreover, the spectro-
scopic instruments on the Herschel Space Observatory have the
sensitivity to observe CO lines up to J = 44-43 unhindered by
the Earth’s atmosphere, even for low-mass young stellar objects
(e.g., van Kempen et al. 2010a,b; Lefloch et al. 2010; Yildiz et al.
2010). Together, these data allow us to address questions such as
(i) is CO excited by shocks or UV heating? (ii) How much warm
gas is present in the inner regions of the protostellar envelopes
and from which location does it originate? What is the mass of
the swept-up gas and how warm is it? (iii) What is the CO abun-
dance structure throughout the envelope: where is CO frozen out
and where is it processed?

Over the past several years, our group has conducted a sur-
vey of APEX-CHAMP" mapping of high-J lines of CO and
isotopologs of embedded low-mass Stage 0 and 1 (cf. nomen-
clature by Robitaille et al. 2006) young stellar objects (YSOs)
(van Kempen et al. 2009a,b,c, Paper I and I1 in this series). These
data complement our earlier surveys at lower frequency of CO
and other molecules with the James Clerk Maxwell Telescope
(JCMT), IRAM 30 m, APEX, and Onsala telescopes (e.g.,
Jgrgensen et al. 2002, 2004; van Kempen et al. 2009¢). More
recently, the same sources are being observed with the Herschel
Space Observatory in the context of the “Water In Star-forming
regions with Herschel” (WISH) key program (van Dishoeck
et al. 2011). The '>CO J = 6-5 (E,/k = 115 K) line is partic-
ularly useful in tracing the outflows through broad line-wings,
complementing recent mapping in the '?CO J = 3-2 line with
the HARP-B array on the JCMT (e.g., Curtis et al. 2010b).
The availability of lines up to CO J = 7-6 gives much tighter
constraints on the excitation temperature of the gas, which to-
gether with the higher angular resolution of the high frequency
data should result in a more accurate determination of outflow
properties such as the force and momentum.

In addition to broad line-wings, van Kempen et al. (2009b)
also found narrow extended '>CO 65 emission along the cav-
ity walls. Combined with narrow '*CO 6-5 emission, this was
interpreted as evidence of UV photon-heated gas, following
the earlier work of Spaans et al. (1995). The mini-survey by
van Kempen et al. (2009c) found this narrow extended emis-
sion to be ubiquitous in low-mass protostars. Further evidence of
UV photon heating was provided by far-infrared CO lines with
Ju = 10 to 20 observed with Herschel-PACS (van Kempen et al.
2010b; Visser et al. 2012). However, Herschel has only limited
mapping capabilities; PACS lacks velocity resolution and HIFI
has a quite large beam (20"—40""). Thus, the large-scale velocity-
resolved maps at <10” resolution offered by APEX-CHAMP™*
form an important complement to the Herschel data. In this
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paper, we present fully sampled high-/ CHAMP* maps of one
of the largest and most prominent low-mass outflow regions,
NGC 1333 IRAS 4.

NGC 1333 IRAS 4A and IRAS 4B (hereafter only IRAS 4A
and IRAS 4B) are two low-mass protostars in the southeast cor-
ner of the NGC 1333 region (see Walawender et al. 2008, for
review). They have attracted significant attention owing to their
strong continuum emission, powerful outflows, and rich chem-
istry (André & Montmerle 1994; Blake et al. 1995; Bottinelli
et al. 2007). They were first identified as water maser spots by
Ho & Barrett (1980) and later confirmed as protostellar candi-
dates by IRAS observations (Jennings et al. 1987) and resolved
individually in JCMT-SCUBA submm continuum maps (Sandell
et al. 1991; Sandell & Knee 2001; Di Francesco et al. 2008).
Using mm interferometry, it was subsequently found that both
protostars are in proto-multiple systems (Lay et al. 1995; Looney
et al. 2000). The projected separation between IRAS 4A and
IRAS 4B is 31” (~7500 AU). The companion to IRAS 4B is
clearly detected at a separation of 11", whereas that of IRAS 4A
has a separation of only 2” (Jgrgensen et al. 2007). The distance
to the NGC 1333 nebula remains unclear (see Curtis et al. 2010a,
for more thorough discussions). In this paper, we adopt the dis-
tance of 235 + 18 pc based on VLBI parallax measurements of
water masers in SVS 13 in the same cluster (Hirota et al. 2008).

We present an APEX-CHAMP* '>CO 6-5 map over a
4’ x 4’ area at 9” resolution, together with BCO 6-5 and
[C1] J = 2—1 maps over a smaller region (1’ x 1”). Moreover,
13CO 8-7 and C'30 6-5 lines are obtained at the central source
positions. These data are analyzed together with the higher-J
Herschel-HIFI observations of CO and isotopologs published by
Yildiz et al. (2010), as well as lower-J JCMT, IRAM 30 m, and
Onsala archival data so that spectrally resolved information on
nearly the entire CO ladder up to 10-9 (E,/k = 300 K) is ob-
tained for all three isotopologs. The spectrally resolved data al-
low the temperatures in different components to be determined,
and thus provide an important complement to spectrally unre-
solved Herschel PACS and SPIRE data of the CO ladder of these
sources. In addition, a new JCMT HARP-B map of 2co 3-2
was obtained over the same area, as well as deep '*CO spectra
at selected outflow positions to constrain the optical depth. The
APEX-CHAMP* and JCMT maps over a large area can test the
interpretation of the different velocity components seen in HIFI
data, which has so far been based on only single position data.

The outline of the paper is as follows. In Sect. 2, the obser-
vations and the telescopes where the data have been obtained
are described. In Sect. 3, the inventory of complementary lines
and maps are presented. In Sect. 4, the data are analyzed to con-
strain the temperature and mass of the molecular outflows. In
Sect. 5, the envelope abundance structure of these protostars
is discussed. In Sect. 6, the amount of shocked gas is com-
pared quantitatively to that of photon-heated gas. In Sect. 7, the
conclusions of this work are summarized.

2. Observations

Table 1 gives a brief overview of the IRAS 4A and 4B sources.
Spectral line data were obtained primarily from the 12-m
sub-mm Atacama Pathfinder Experiment Telescope, APEX!
(Giisten et al. 2008) at Llano de Chajnantor in Chile. In addition,

! This publication is based on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between
the Max-Planck-Institut fiir Radioastronomie, the European Southern
Observatory, and the Onsala Space Observatory.
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Table 1. Source properties.

Source RA (J2000) Dec (J2000) Distance® Lyy” Visr®
"™ "] [pe] [Lo] [kms™']

IRAS4A 032910.5 +311330.9 235 9.1 +7.0

IRAS4B 032912.0 +311308.1 235 4.4 +7.1

Notes. © Adopted from Hirota et al. (2008). > Karska et al. (in prep.).
(© Obtained from C'¥0 and C'7O lines (this work).

we present new and archival results from the 15-m JCMT? at
Mauna Kea, Hawaii; the 3.5-m Herschel Space Observatory?
(Pilbratt et al. 2010) and IRAM 30 m telescope. Finally, we use
published data from the Onsala 20-m and 14-m Five College
Radio Astronomy Observatory, FCRAO telescopes.

APEX: the main focus of this paper is the high-J CO 6-5
and [C1] 2-1 maps of IRAS 4A and 4B, obtained with APEX-
CHAMP?* in November 2008 and August 2009. The protostellar
envelopes and their complete outflowing regions were mapped
in CO 6-5 emission using the on-the-fly mapping mode ac-
quiring more than 100000 spectra in 1.5 h covering a Nyquist
sampled 240" x 240" region. The instrument consists of two
heterodyne receiver arrays, each with seven pixel detector el-
ements for simultaneous operations in the 620-720 GHz and
780-950 GHz frequency ranges (Kasemann et al. 2006; Giisten
et al. 2008). The following two lines were observed simulta-
neously: '2CO 6-5 and [C1] 2-1 (large map); '*CO 6-5 and
[C1] 2-1 (smaller map); C'80 6-5 and 3CO 8-7 (staring at
source positions); and '>CO 6-5 and '>CO 7-6 (staring at source
positions).

The APEX beam sizes correspond to 8" (~1900 AU at a dis-
tance of 235 pc) at 809 GHz and 9” (~2100 AU) at 691 GHz.
The observations were completed under excellent weather con-
ditions (precipitable water vapor, PWV ~0.5 mm) with typ-
ical system temperatures of 1900 K for CHAMP*-I (SSB,
691 GHz), and 5600 K for CHAMP*-II (SSB, 809 GHz). The
relatively high system temperatures are due to the high atmo-
spheric pathlength at the low elevation of the sources of ~25°.
For CHAMP™-II, there is also a significant contribution from
the receiver temperature. The observations were done using
position-switching toward an emission-free reference position
in settings '2CO 6-5 + [C1] 2-1 or CO 7-6, and '3CO 6-5 +
[C1] 2-1. However, in the setting C!06-5 and 3CO 8-7, a
beam-switching of +/-90” was used in staring mode in order
to increase the S/N on the central pixel (van Dishoeck et al.
2009). The CHAMP* array uses the Fast Fourier Transform
Spectrometer (FFTS) backend (Klein et al. 2006) for all seven
pixels with a resolution of 0.12 MHz (0.045 km s~! at 800 GHz).

JCMT: a CO 3-2 fully sampled map was obtained from the
JCMT with the HARP-B instrument in March 2010. HARP-B
consists of 16 SIS detectors with 4 X 4 pixel elements of 15”
each at 30" separation. The opacity at the time of observations
was excellent (7225 gy, < 0.04) and the on-the-fly method was
used to fully cover the entire outflow. Apart from the maps, line
data of CO and its isotopologs (e.g., 2—1 and 3-2 lines) were

2 The JCMT is operated by The Joint Astronomy Centre on behalf of
the Science and Technology Facilities Council of the United Kingdom,
the Netherlands Organisation for Scientific Research, and the National
Research Council of Canada.

3 Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

obtained from the JCMT and its public archive*. In Table 2, the
offset values of the archival data from the protostellar source co-
ordinates are provided. In addition, we observed four distinct
outflow knots of IRAS 4A in deep '>CO and '*CO 2-1 integra-
tions to constrain the optical depth (see Table 2 for coordinates).
The B1 and R1 positions are the blue and red-shifted outflow
knots closest to IRAS 4A, and B2 and R2 are the two prominent
dense outflow knots furthest from the source position.

Herschel: spectral lines of 120 10-9, 3CO 10-9,
C1805-4,9-8,and 10-9 were observed with the Herschel
Space Observatory using the Heterodyne Instrument for Far-
Infrared (HIFI) (de Graauw et al. 2010). All observations were
done in dual-beam-switch (DBS) mode with a chop reference
position located 3’ from the source positions. Except for the
C'80 10-9 spectra, these data were presented in Yildiz et al.
(2010) and observational details can be found there.

IRAM-30m: the lower-J '3CO 1-0 and C'’0 2—1 transitions
were observed with the IRAM 30-m telescope’ by Jgrgensen
et al. (2002) and Pagani et al. (in prep.).

Onsala: the lowest-J C'70 and C'®0 1-0 transitions were
observed with the Onsala 20-m radiotelescope by Jgrgensen
et al. (2002), and the spectra are used here.

FCRAO: '2CO 1-0 spectrum of IRAS 4A is extracted from
COMPLETE survey map (Arce et al. 2010) observed with
FCRAO.

Table 2 summarizes the list of observed lines for each in-
strument. Information about the corresponding rest frequencies
and upper-level energies of the transitions are included, together
with the beam sizes and efficiencies of the instruments. The data
were acquired on the Ty antenna temperature scale, and were
converted to main-beam brightness temperatures Tvp = T’y /7mB
using the stated beam efficiencies (yg). The CHAMP* beam ef-
ficiencies were taken from the CHAMP* website® and forward
efficiencies are 0.95 in all observations. The JCMT beam effi-
ciencies were taken from the JCMT Efficiencies Database’, and
the Herschel-HIFI efficiencies were assumed to be 0.76 in all
bands except band 5, where it is 0.64 (Roelfsema et al. 2012).
The Onsala efficiencies were taken from Jgrgensen et al. (2002).
Calibration errors were estimated to be ~20% for the ground-
based telescopes, and ~10% for the HIFI lines. For the data re-
duction and analysis, the “Continuum and Line Analysis Single
Dish Software”, CLASS program which is part of the GILDAS
software®, is used. The routines in GILDAS convolved the irreg-
ularly gridded on-the-fly data with a Gaussian kernel of a size of
one third of the beam, yielding a Nyquist-sampled map.

3. Results
3.1. The CO line gallery

Figure 1 illustrates the quality of the APEX spectra as well as the
variation in line profiles across the map. Several different veloc-
ity components can be identified, which can be most clearly seen

4 This research used the facilities of the Canadian Astronomy Data
Centre operated by the National Research Council of Canada with the
support of the Canadian Space Agency.

5> Based on observations carried out with the IRAM 30 m Telescope.
IRAM is supported by INSU/CNRS (France), MPG (Germany) and
IGN (Spain).

® http:www.mpifr.de/div/submmtech/heterodyne/
champplus/champ_efficiencies.15-10-09.html

7 http://www.jach.hawaii.edu/JCMT/spectral_line/
Standards/eff_web.html

8 http:www.iram.fr/IRAMFR/GILDAS
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Table 2. Overview of the observations of IRAS 4A and IRAS 4B.

Source Mol. Trans. E, Freq. Telescope Beam Efficiency Map Offset” Obs. date  References
Ju—Ji K] [GHz] size ["] n [Aa”,A6"]
IRAS4A CO 1-0 5.5 115271202 FCRAO 46 0.45 yes (0.0,0.0) 01/01/2000 )
2-1 16.6  230.538000 JCMT-RxA 22 0.69 no (0.0,0.3) 21/10/1995 2)
3-2 332 345.795989 JCMT-HARP-B 15 0.63 yes (0.0,0.0) 18/03/2010 3)
4-3 553  461.040768 JCMT 11 0.38 no (0.0,0.2) 23/12/1994 2)
6-5 1162 691473076 APEX-CHAMP* 9 0.48 yes (0.0,0.0) 11/11/2008 3)
7-6 1549 806.651806 APEX-CHAMP* 8 0.45 yes (1.5,1.3) 10/11/2008 3)
109 304.2 1151.985452 Herschel-HIFI 20 0.66 no (0.0,0.0) 05/03/2010 “)
Bco 1-0 5.3 110.201354 IRAM 30m 23 0.77 yes (0.0,0.0) 21/07/2010 %)
2-1 1587 220.398684 JCMT-RxA 23 0.74 no (0.0,0.1) 11/11/2001 2)
3-2 31.7  330.587965 JCMT-B3 15 0.60 no (0.0,0.1) 16/09/2009 2)
4-3 529  440.765174 JCMT 11 0.38 no (0.2,0.8) 25/03/2003 2)
6-5 111.05 661.067277 APEX-CHAMP* 9 0.52 yes (0.0,0.0) 24/08/2009 3)
8-7 190.36 881.272808 APEX-CHAMP* 7 0.42 no (0.0,0.0) 26/08/2009 3)
10-9  290.8 1101.349597 Herschel-HIFI 21 0.76 no (0.0,0.0) 04/03/2010 “)
c’0 10 539  112.358777 Onsala 33 0.43 no (0.0,0.0) 13/11/2001 (6)
2-1  16.18 224713533 IRAM 30m 17 0.43 no (0.0,0.0) 13/11/2001 (6)
3-2 3235 337.061513 JCMT-B3 15 0.60 no (1.5,1.2) 25/08/2001 2)
c®0 1-0 527  109.782173 Onsala 34 0.43 no (0.0,0.0) 11/03/2002 (6)
2-1 1581 219.560354 JCMT-RxA 23 0.69 no (0.0,0.6) 03/12/1993 2)
3-2 31.61 329.330553 JCMT-B3 15 0.60 no (0.2,1.2) 26/08/2001 2)
5-4 79.0  548.831010 Herschel-HIFI 42 0.76 no (0.0,0.0) 15/03/2010 “)
6-5 110.63 658.553278 APEX-CHAMP* 10 0.48 no (0.0,0.0) 26/08/2009 3)
9-8  237.0 987.560382 Herschel-HIFI 23 0.76 no (0.0,0.0) 03/03/2010 “)
109 289.7 1097.162875 Herschel-HIFI 21 0.76 no (0.0,0.0) 31/07/2010 “)
[C1i] 2-1 62.3  809.341970 APEX-CHAMP* 8 0.43 yes (0.0,0.0) 24/08/2009 3)
[4AB1®> CO 32 332 345.795989 JCMT-HARP-B 15 0.63 yes (—12.0,-12.0) 18/03/2010 3)
CO 6-5 1162 691.473076 APEX-CHAMP* 9 0.48 yes (-12.0,-12.0) 11/11/2008 3)
4AB2> CO 2-1 16.6  230.538000 JCMT-RxA 22 0.69 no (=34.5,-61.9) 02/07/2009 3)
3-2 332 345.795989 JCMT-HARP-B 15 0.63 yes (=34.5,-61.9) 18/03/2010 3)
6-5 1162 691473076 APEX-CHAMP* 9 0.48 yes (=34.5,-61.9) 11/11/2008 3)
Bco 2-1 159  220.398684 JCMT-RxA 22 0.69 no (-34.5,-61.9) 02/07/2009 3)
[4ARI¢ CO 32 332 345.795989 JCMT-HARP-B 15 0.63 yes  (12.0,12.0)  18/03/2010 3)
CO 6-5 1162 691473076 APEX-CHAMP™* 9 0.48 yes  (12.0,12.0)  11/11/2008 3)
[4AR2° CO 2-1 16.6  230.538000 JCMT-RxA 22 0.69 no (52.5,68.1)  02/07/2009 3)
3-2 332 345.795989 JCMT-HARP-B 15 0.63 yes  (52.5,68.1)  18/03/2010 3)
6-5 1162 691473076 APEX-CHAMP* 9 0.48 yes  (52.5,68.1)  11/11/2008 3)
Bco 2-1 159  220.398684 JCMT-RxA 22 0.69 no (52.5,68.1)  02/07/2009 3)
IRAS4B CO 2-1 16.6  230.538000 JCMT-RxA 22 0.69 no (0.0,0.0) 21/10/1995 2)
3-2 332 345.795989 JCMT-HARP-B 15 0.60 yes (0.0,0.0) 18/03/2010 3)
4-3 553  461.040768 JCMT 11 0.38 no (0.0,0.2) 22/01/2010 2)
6-5 1162 691473076 APEX-CHAMP* 9 0.48 yes (0.0,0.0) 11/11/2008 3)
7-6 1549 806.651806 APEX-CHAMP* 8 0.45 no (0.0,0.0) 10/11/2008 3)
10-9 304.2 1151.985452 Herschel-HIFI 20 0.66 yes (0.0,0.0) 06/03/2010 “)
BCco 1-0 5.3 110.201354 IRAM 30m 23 0.77 yes (0.0,0.0) 21/07/2010 ®)
3-2 31.7  330.587965 JCMT-B3 15 0.60 no (0.0,0.0) 25/08/2001 2)
6-5 111.1 661.067276 APEX-CHAMP* 10 0.52 yes (0.0,0.0) 24/08/2009 3)
87 1904 881.272808 APEX-CHAMP* 7 0.42 no (0.0,0.0) 30/08/2009 3)
109 290.8 1101.349597 Herschel-HIFI 21 0.76 no (0.0,0.0) 04/03/2010 “)
c’70 1-0 539  112.358777 IRAM 30m 33 0.43 no (0.0,0.0) 13/11/2001 (6)
2-1  16.18 224713533 Onsala 17 0.43 no (0.0,0.0) 13/11/2001 (6)
3-2 3235 337.060513 JCMT-B3 15 0.60 no (0.0,0.0) 25/08/2001 2)
c0o 1-0 527  109.782173 Onsala 34 0.43 no (0.0,0.0) 11/03/2002 (6)
2-1 1581 219.560354 JCMT-RxA 23 0.69 no (0.0,0.6) 08/02/1992 2)
3-2 31.61 329.330552 JCMT-B3 15 0.60 no 0.2,1.2) 29/08/2001 2)
5-4 79.0  548.831006 Herschel-HIFI 42 0.76 no (0.0,0.0) 15/03/2010 “)
6-5 110.63 658.553278 APEX-CHAMP* 10 0.48 no (0.0,0.0) 30/08/2009 3)
9-8 237.0 987.560382 Herschel-HIFI 23 0.76 no (0.0,0.0) 03/03/2010 “)
10-9  289.7 1097.162875 Herschel-HIFI 21 0.76 no (0.0,0.0) 31/07/2010 “)
[C1] 2-1 62.3  809.341970 APEX-CHAMP* 8 0.42 yes (0.0,0.0) 24/08/2009 3)

Notes. @ Offset from the IRAS 4A and IRAS 4B source coordinates given in Table 1. ® 14A-BX are the blueshifted outflow positions, and
© [4A-RX are the redshifted outflow positions. These regions are also depicted in Fig. 3.

References. (1) Ridge et al. (2006); (2) Archive; (3) this work; (4) Yildiz et al. (2010); (5) Jgrgensen et al. (2002); (6) Pagani et al. (in prep.).
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Fig. 1. Gallery of 2CO 6-5 spectra from ten different locations. Spectra
of the IRAS 4A and 4B central positions are shown in Fig. 2. The
arrows indicate the exact locations of the corresponding spectra with
respect to the outflow lobes and each spectrum is given with the off-
set from IRAS 4A. Note the mix of narrow (<2 km s~') and medium
(10-15 km s~!) profiles together with the broad lines (25-30 km s7)
at the outflowing positions close to the center of IRAS 4A. We also
note that the velocity scale of the (44”,67") panel is different to em-
phasize the weak “bullet” emission (see text). The vertical scale is for
Tmb. The contours are '>CO 6-5 emission where the levels start from
30 (15 K km s7!) with an increasing step size of 20~ (10 K km s7}).
The blue and red velocity ranges are selected from —20 to 2.7 and from
10.5 km s™! to 30 km s~!, respectively.

at the central source positions. Figure 2 presents the gallery of
CO lines at IRAS 4A and 4B using the APEX, JCMT, Herschel,
IRAM 30 m, Onsala and FCRAO telescopes. Available spec-
tra of 12CO, 3CO, C'80, C'70, and [C1] ranging from 1-0 up
to 10-9 are shown. Integrated intensities and peak temperatures
are summarized in Table 3, which includes the rms of each spec-
trum after resampling all spectra to the same velocity resolution
of 0.5 km s~!. The S /N and dynamic range of the spectra is gen-
erally excellent with peak temperatures ranging from 30 mK to
>20 K compared with the rms values from 0.006 to 0.4 K. Note
in particular the very high S/N obtained at the C'30 54 line
with Herschel (~6 mK in 0.5 km s~! bins). Even C'80 is de-
tected up to J = 10-9 in IRAS 4B, albeit only tentatively (1.50)
in the 10-9 line itself. Together with the IRAS 2A data of Yildiz
et al. (2010), this is the first time that the complete CO ladder up
to 10-9 is presented for low-mass protostars, not just for '>’CO
but also for its isotopologs, and with spectrally resolved data.
As discussed in Kristensen et al. (2010) based on H,O spec-
tra, the central line profiles can be decomposed into three com-
ponents. A narrow profile with a FWHM of 2-3 km s~! can
mainly be found in the optically thin C'30 and C'7O isotologue
lines at the source velocity. This profile traces the quiescent en-
velope material. Many '>CO and '3CO line profiles contain a
medium component with a FWHM of 5-10 km s~!, which is
indicative of small-scale shocks in the inner dense protostellar
envelope (<1000 AU). The latter assignment is based largely
on interferometry maps of this component toward IRAS 2A

(Jgrgensen et al. 2007). The '>CO lines are mainly dominated
by the broad component that has a FWHM of 25-30 km s™!
on >1000 AU scales representative of the swept-up outflow gas
(Fig. 2).

3.2. Maps

The observations presented here are large-scale 240” x 240”
maps in >CO 6-5 and '>CO 3-2 covering the entire IRAS 4A/B
region, together with smaller scale 80" x 80" maps of '*CO 6-5
and [C1] 2-1 around the protostellar sources.

3.2.1. 2CO 6-5 map

The large 'CO 6-5 map over an area of 240" x 240"
(~56500 % 56 500 AU) includes all the physical components of
both protostars. Figure 3 (left) shows a '>?CO 6-5 contour map
of the blue and red outflow lobes, whereas Fig. 3 (right) in-
cludes the map of individual spectra overplotted on a contour
map. This spectral map has been resampled to 10” x 10" pix-
els for visual convenience, although the contours are calculated
for a Nyquist sampling rate of 475 x 4”5 pixel size. All spec-
tra are binned to a 0.3 km s™! velocity resolution. The red and
blue outflow contours are obtained by integrating the blue and
red wings of each spectrum separately. The selected ranges are
—20to 2.7 km s~! for the blue and 10.5 to 30 km s~! for the red
emission. These ranges are free of cloud and envelope emis-
sion and are determined by averaging spectra from outflow-free
regions.

The '>CO 6-5 map shows a well-collimated outflow to the
NE and SW directions centered at IRAS 4A with two knots like
a mirror image on each side. Close to the protostar itself, the
outflow appears to be directed in a pure N-S direction, with the
position angle on the sky rotating through about 45° at a 10”
(2350 AU) distance. This N-S direction was seen in the inter-
ferometer data of Jgrgensen et al. (2007) and Choi et al. (2011),
and the high angular resolution of APEX-CHAMP™ now allows
this component to be revealed also in single dish data. Its mor-
phology could be indicative of a rotating/wandering jet emanat-
ing from either IRAS 4A or two flows from each of the binary
components of IRAS4A. The outflow from IRAS 4B is much
more spatially compact moving in the N-S direction. Overall, the
CO 6-5 CHAMP* maps are similar to the CO 3-2 map shown
in Fig. A.1 and in Blake et al. (1995). However, owing to the
~2 times larger beam, the N-S extension around IRAS 4A is not
obvious in the 3—2 map and the knots are less “sharp”. In addi-
tion, the compact IRAS 4B outflow is clearly revealed in single-
dish data here for the first time. In the north-western part of the
map, the southern tip of the SVS 13 flow is seen (HH 7-11;
Curtis et al. 2010b).

3.2.2. 2CO 3-2 map

The large and fully sampled '>CO 3-2 JCMT HARP-B map cov-
ers the same area as the '>’CO 6-5 map. In Fig. A.1, we show the
CO 3-2 contour and spectral maps presenting blue and red out-
flow lobes. Here, the spectral map is resampled to 15" x 15" pix-
els and the contours are calculated at the Nyquist sampling rate
of 7.5 x7.5"” pixel size. The same velocity ranges as in the
CO 6-5 map are used to calculate the blue and red outflow emis-
sion. Overall, the 3-2 map is very similar to those presented by
Blake et al. (1995) and Curtis et al. (2010b).

The line ratio map of CO 3-2/CO 6-5 is presented in Fig. 4.
The CO 6-5 map is convolved to the same beam as CO 3-2 and
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Fig. 2. Single spectra obtained from the central positions of IRAS 4A and 4B presented on a Ty scale. From bottom to top, Left: *CO 1-0,
BCo 2-1, ¥co 3-2, 3C0 4-3, 3CO 6-5, BCO 8-7, 1*CO 10-9; 12CO 1-0, 12CO 2-1, 12CO 3-2, 2CO 4-3, 12CO 6-5, 12CO 7-6, 2CO 10-9;
Right: [C1] 2-1, C'70 1-0, C'70 2-1, C'70 3-2; C'*0 1-0, C'*0 2-1, C'®0 3-2, C'30 54, C'¥0 6-5, C'¥0 9-8, C'30 10-9. The spectra have
been shifted vertically for viewing purposes and refer to the observing beams presented in Table 2. The red vertical line corresponds to the source

velocity, Vi sr, as measured from the C'*0 and C!7O lines.

the peak antenna temperatures have been used to avoid having
differences in line widths dominate the ratios. The distribution
of the line ratios is flat at 0.8—1.0 around the center and outflow
knots, with values of up to 2.5 in the surrounding regions. As
discussed further in Sect. 4.2.1, this implies higher temperatures
towards the center and outflow knots than in the envelope at
some distance away from the outflow.
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Figure 5 shows maps of the maximum spectral velocities
Vmax obtained from the full width at zero intensity (FWZI) at
each position for both the 6-5 and 3-2 maps. A 1.50 cutoff is
applied to determine the FWZIs in both maps. Owing to the
lower rms of the data, CO 3-2 can trace higher velocities than
CO 6-5. Overall, the profiles indicate narrow lines throughout
the envelope with broad shocked profiles along the outflows (see
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Table 3. Observed line intensities for IRAS 4A and 4B in all observed transitions.

Source Mol.  Transition f TvpdV®  Tpex  Blue( f TvedV)?  Red ( f TvedV)  rms?

[K km s™!] K] [K km s™!] [Kkms™!] K]

IRAS 4A CO 1-0 60.1 13.0 1.1 26.1 0.45
2-1 117.1 18.4 12.9 37.8 0.11

3-2 128.0 16.8 344 30.6 0.07

4-3 220.0 23.4 47.4 86.8 0.29

6-5 110.5 11.9 31.8 374 0.33

7-6 55.0 10.0 ... ... 4.39

10-9 40.7 1.9 9.9 17.6 0.07

3co 1-0 26.2 8.5 0.03

2-1 39.3 7.6 ... ... 0.23

3-2 11.4 4.0 1.2 0.2 0.04

4-3 15.2 5.7 0.36

6-5 114 3.6 0.7 1.7 0.21

8-7 2.4 2.2 0.39

10-9 1.1 0.2 0.02

c0 1-0 1.8 0.7 0.05

2-1 3.8 1.9 0.04

3-2 1.6 1.0 0.09

Cc80 1-0 4.3 2.7 0.18

2-1 4.9 2.7 0.13

3-2 4.2 2.3 0.17
5-4 0.6 0.4 0.006

6-5 3.3 2.0 0.21

9-8 0.16 0.05 ... ... 0.02

10-9 <0.05¢ .. 0.02

[C1] 21 23 1.0 . . 021/

I14A-B1 CO 3-2 92.8 14.0 64.8 10.1 0.37
6-5 96.6 13.7 81.6 4.5 0.32

14A-B2 CO 2-1 49.5 7.1 32.8 7.6 0.04
B3co 2-1 11.6 3.7 0.03

14A-B2 CO 3-2 71.2 12.3 12.8 40.5 0.42
6-5 109.1 10.8 16.4 79.2 0.86

I14A-R2 CO 2—-1 41.1 8.8 13.7 20.3 0.04
B3co 2-1 13.3 4.6 .. .. 0.03

IRAS 4B CO 2-1 54.7 13.9 1.0 4.6 0.07
3-2 57.0 10.5 6.6 6.7 0.05

4-3 114.4 14.6 20.4 354 0.29

6-5 52.3 5.9 10.7 16.5 0.34

7-6 <39.0¢ ... ... 4.51

10-9 29.7 2.9 59 8.7 0.08

3co 1-0 23.9 7.9 0.09

3-2 59 2.3 ... ... 0.03

6-5 6.8 2.0 0.4 0.8 0.16

8-7 2.7 2.3 0.39

10-9 0.6 0.15 0.02

co 1-0 1.3 0.6 0.05

2-1 2.3 1.3 0.06

3-2 0.5 0.4 0.07

Cc80 1-0 4.4 2.9 0.18

2-1 53 2.5 0.16

3-2 1.9 1.7 0.23

5-4 0.3 0.2 0.007

6-5 0.9 0.4 0.07

9-8 <0.06° 0.02

10-9 <0.06° 0.02

[C1] 21 1.8 0.9 0.17/

Notes.  Velocity range used for integration: —20 km s~! to 30 km s~

!. ® Blue emission is calculated by selecting a velocity range of

—20t0 2.7 km s~'. © Red emission is calculated by selecting a velocity range of 10.5to 30 kms™'. ® In 0.5 km s~! bins. © Upper limits are

30. D In 1.0 km s~! bins.

also Fig. 1). Similar results were found by van Kempen et al.
(2009b) for the HH 46 protostar and outflow. The highest veloc-
ities of Viax = 25-30 km s™! are found at the source positions
(where both red and blue wings contribute) and the positions of
the outflow knots.

Specifically, the IRAS 4A-R2 outflow knot has an extremely
high velocity component (EHV or “bullet”) at V ~ 20-35 km s~
as seen clearly in the 3-2 map (Fig. A.2 in the Appendix). In
the CO 6-5 map, the “bullet” emission is only weakly detected
(~50, Fig. 1) and is ignored in the rest of this paper.
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Fig. 3. Right: the >CO 6-5 spectral map of IRAS 4A and 4B over the 240" x 240” mapping area. Individual spectra are shown on the Ty scale
from —2 K to 12 K and velocity scale from =20 km s~! to 30 km s~!. The outflows of IRAS 4A and 4B are overplotted over the entire spectral map.
The map is centered on IRAS 4A. The contour levels start from 30 (15 K km s~!) with an increasing step size of 20~ (10 K km s7!). Left: envelopes
of IRAS 4A and 4B at the 10 K radius are shown together with the beam-sizes compared. See Fig. 1 caption and Sect. 3.2.1 for the details and the

positions at which deep spectra are obtained.
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Fig.4. Left: map of peak intensity ratios of the 2CO 3-2/6-5 lines. Right: model of the CO 3-2/CO 6-5 line intensity ratio as function of
temperature and density. The red region represents the observed range for IRAS 4A, and the yellow range for IRAS 4B. The CO column density is
taken to be 10'7 cm~2 with a line width of 10 km s~!, these conditions are chosen because they are representative of the observed CO 6-5 flux and
line width. The colored lines give the range of densities within the 20" beam for the two sources based on the models of Kristensen et al. (2012).
In the relevant density range, smaller ratios are indicative of higher temperatures.

3.2.3. 3CO 6-5 map

The '3CO 6-5 isotopolog emission was mapped over a smaller
80” x 80" region presented in Fig. 6. This map only covers
the immediate environment of the protostellar envelopes of both
protostars and the outflow of IRAS 4B. Figure 6 (left) shows the
map of total integrated intensity, whereas Fig. 6 (right) shows the
spectral map with the outflow contours obtained using the same
velocity range as in the CO 6-5 map. The '*CO 6-5 lines are not
simple narrow Gaussians, but clearly show the medium outflow
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component centered on the protostars. The medium component
has a FWHM of Av = 8—10 km s~!, while the narrow component
has again Av = 1.5-2km s~

3.2.4. [Ci]2-1 map

Figure A.3 (in the Appendix) shows the weak detection of
atomic carbon emission in and around the envelope and the out-
flow cavities, with the >CO 6-5 red and blue contours overlaid
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Fig. 5. Maps of V.« obtained from full width at zero intensity (FWZI) at each position in both CO 6-5 (left) and CO 3-2 (right) maps.
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Fig. 6. >°CO 6-5 maps of IRAS 4A (0,0) and IRAS 4B (22.5, —22.8). Left: integrated intensity map of IRAS 4A and 4B in a 80" x 80" area. The
white elliptical biconical shape delineate the outflow cones as discussed in Sect. 6. Right: blue and redshifted outflows seen in the *CO 6-5 line
profiles overplotted on a spectral map of the same region. Individual spectra are shown on a Ty scale from —1 K to 4 K and the velocity scale
runs from =5 km s~! to 15 km s~!. The contour levels for both figures are 30, 607, 90, ... where o = 0.6 K.

(see also Fig. 3 right panel). This figure is a combination of three
different observations, with one map covering only the central
region (obtained in parallel with the '*CO 6-5 map). Thus, the
noise level is higher at the edges of the figure. The spectra have
been resampled to 1 km s™! velocity resolution in order to sig-
nificantly reduce the noise; nevertheless, the [C1] line is barely
detected with a peak temperature of at most 1 K. The weak emis-
sion indicates that CO is not substantially dissociated throughout
the region, i.e., the UV field cannot contain many photons with
wavelengths <1100 A (van Dishoeck & Black 1988), as also
concluded in van Kempen et al. (2009a). The low S/N of the
[C1] data precludes detection of any broad outflow component.
In HH 46, we note that stronger [C1] emission is found at the
bow shock position, but this line is still narrow (AV ~ 1 km s™';
van Kempen et al. 2009b).

3.3. Morphology

By examining the morphology of the outflows from the CO 3-2
and 6-5 maps, it is possible to quantify the width and length
of the outflows. The CO 6-5 map is used to calculate these

quantities because it has a higher spatial resolution by a factor
of two. The length of the outflow, Rco, is defined as the to-
tal outflow extension assuming the outflows are fully covered
in the map. By taking into account the distance to the source,
the projected Rco is measured as 105” (~25000 AU) and 150"
(~35000 AU) for IRAS 4A for its blue and red outflow lobes,
respectively. The difference in extent could be a result of the
denser gas deflecting or blocking the blue outflow lobe (Choi
et al. 2011). For IRAS 4B, the extents are 12" (~1900 AU) and
9” (~750 AU), respectively, but these should be regarded as up-
per limits since the IRAS 4B outflow is not resolved. The width
of the IRAS 4A outflow is ~20”(~4700 AU), after deconvolu-
tion with the beam size. These values do not include corrections
for inclination.

The “collimation factor”, R.oy, for quantifying the outflow
bipolarity is basically defined as the ratio of the major to mi-
nor axes of the outflow. This quantity has been used to distin-
guish Stage 0 objects from the more evolved Stage I objects, in
which the outflow angle has been widened (Bachiller & Tafalla
1999; Arce & Sargent 2006). The R o for IRAS 4A is found to
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Fig. 7. Four different projection scenarios of the IRAS 4A and 4B out-
flows are presented, assuming that the two outflows have similar phys-
ical extents. These scenarios are treated by keeping the position of
IRAS 4A fixed and rotating the plane of the sky through ~60° for bet-
ter comprehension the difference of IRAS 4B in Panels b)-d). Panel a)
shows the geometry projected on the plane of the sky; Panel b) the pro-
tostars are at the same distance and very close to each other so that
their envelopes overlap; Panel ¢) IRAS 4A is in front of IRAS 4B; and
Panel d) IRAS 4B is in front of IRAS 4A. In the latter two scenarios,

the envelopes may be sufficiently distant from each other and may not
overlap.
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be 5.3+0.5 for the blue outflow lobe and 7.5+ 0.5 for the red
outflow lobe. For IRAS 4B, no collimation factor can be deter-
mined since the outflow is unresolved. Nevertheless, the much
smaller extent of the IRAS 4B outflow raises the question of
whether IRAS 4B is much younger than IRAS 4A or whether
this is simply an effect of inclination. The inclination of an out-
flow, which is defined as the angle between the outflow direction
and the line of sight (Cabrit & Bertout 1990), can in principle be
estimated from the morphology in the contour maps.

The IRAS 4 system is part of a clustered star-forming re-
gion so that the formation timescales for any of the YSOs in this
region are expected to be similar. In addition, the bolometric lu-
minosities of IRAS 4A and 4B are comparable. For IRAS 4B,
the Herschel-PACS observations of Herczeg et al. (2012) de-
tect only line emission from the blue outflow lobe, with the red
outflow lobe being hidden by >1000 mag of extinction. These
data support a close to face-on orientation where the blue lobe
punches out of the cloud with little extinction and the red lobe
is buried deep inside the cloud. The high resolution millime-
ter interferometer data of Jgrgensen et al. (2007) as well as our
data, however, do not show any overlap between the IRAS 4B
blue and red outflow lobes, which would imply that they are
not completely, but close to face-on with an inclination close
to the line of sight of ~15-30°. This range is consistent with
that of 10—35° suggested for IRAS 4B based on VLBI H,O wa-
ter maser observations (Desmurs et al. 2009). The large extent
of the collimated outflow of IRAS 4A with, at the same time,
high line-of-sight velocities suggests an inclination of ~45-60°
to the line of sight. It is unlikely to be as high as the values
of 80-85° claimed for L1527 (i = 85°) and L483 (80°; Tobin
et al. 2008). Karska et al. (in prep.) find much lower velocities
(~6-10 km s7!) in their CO 6—5 maps for these sources than in
IRAS 4A/4B (~20-30 km s™1).

Under the assumption that the intrinsic lengths of the flows
are similar, Fig. 7 presents the various options for the relative
orientation of the two outflows viewed from different angles,
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Table 4. Rotational temperatures (in K) for the NGC 1333 sources.

Source 2co Bco CBo
IRAS 2A“ 6l +8 46+6 39+6
IRAS 4A 69 +7 45+5 365
IRAS 4B 83+10 36+4 28+5

Notes.  IRAS 2A rotational temperatures are calculated for compari-
son using data from Yildiz et al. (2010).

all three of which can lead to the observed projected situation
seen in Fig. 7a. In the first scenario, the envelopes are very
close to each other and interact accordingly (Fig. 7b). In the sec-
ond scenario, the envelopes may be sufficiently separated in dis-
tance such that they do not interact with each other. In this case,
IRAS 4A is either in front of IRAS 4B (Fig. 7c) or IRAS 4B is
in front of IRAS 4A (7d).

The dynamical age of the outflows can be determined by
fayn = Rco/Vmax, Where Vi is the average total velocity ex-
tent measured relative to the source velocity (Cabrit & Bertout
1992). The values of V. for IRAS 4A and IRAS 4B are found
to be ~20 and ~15 km s™!, respectively, which are representa-
tive of the outflow tips (Fig. 5). Using these velocities, the t4yy is
5900 yr. and 9200 yr. for IRAS 4A for the blue and red outflow
lobes, respectively. Knee & Sandell (2000) found 8900 yr. (blue)
and 16000 yr. (red) for the IRAS 4A outflow lobes, whereas
Lefloch et al. (1998) found 11000 yr. for both of the outflow
lobes in IRAS 4A from an SiO 2—1 map. All of these analy-
ses assume a steady flow, whereas the knots clearly have larger
widths than the rest of the flow (Fig. 5), which is indicative of
episodic accretion and outflow. The constant flow assumption
is indeed the main uncertainty in the determination of dynami-
cal ages, although our approach of taking the maximum velocity
combined with the maximum extent should give more reliable
estimates than “global” methods (Downes & Cabrit 2007).

4. Analysis: outflow
4.1. Rotational temperatures and CO ladder

The most direct quantity that can be derived from the CO lines
at the source position are the rotational temperatures (Fig. 8). It
is important to note that all lines are most accurately reproduced
by a single temperature, indicating that they probe the same gas
up to J = 10-9. Values of 69+7 K and 83+ 10 K are found
for '2CO, whereas those for 1*CO and C'80 are up to a factor
of two lower (see Table 4). Since the '2CO integrated intensi-
ties are dominated by the line wings, this may indicate that the
outflowing gas is somewhat warmer than the bulk of the enve-
lope dominating the isotopolog emission. On the other hand, the
higher optical depths of the '2CO lines can also result in higher
rotational temperatures. A quantitative analysis of the implied
kinetic temperatures is given in Sect. 4.2.1.

Another way of representing the CO ladder is provided in
Fig. 9, where '>CO and '*CO line fluxes are normalized rela-
tive to the J = 4-3 and J = 6-5 lines, respectively. These fig-
ures have been used in large-scale Milky Way and extragalac-
tic studies to characterize the CO excitation (e.g. Weiss et al.
2007b). Other astronomical sources are overplotted for compar-
ison, including the weighted average spectrum of diffuse gas in
the Milky Way measured by COBE-FIRAS from Wright et al.
(1991), the dense Orion Bar PDR from Herschel-SPIRE spectra
from Habart et al. (2010), SPIRE spectra of the ultraluminous
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Fig. 8. Rotation diagrams measured for the CO and isotopolog lines at
the source positions of IRAS 4A and 4B. The column density of each
observation in each rotational level divided by the statistical weight is
plotted against the excitation energy of the level. The fitted line shows
the Boltzmann distribution of the rotational populations. Derived values
of the rotation temperatures are presented in Table 4.

infrared galaxy Mrk231 from van der Werf et al. (2010), and
broad absorption-line quasar observations of APM08279+5255
from ground-based data of Weiss et al. (2007a). For IRAS 4A
and 4B, the '>CO and '*CO maps are convolved to 20", where
available, in order to compare similar spatial regions. It can seen
that the low-mass YSOs studied here have very similar CO ex-
citations up to J, = 10 to the Orion Bar PDR and even to ultra-
luminous galaxies; in contrast, the excitation of CO of the dif-
fuse Milky Way and Mkr 231 appears to turn over at lower J.
Our conclusion that the *CO high-J lines trace UV heated gas
(Sect. 6) is consistent with its similar excitation to the Orion Bar.

4.2. Observed outflow parameters

The CO emission traces the envelope gas swept up by the
outflow over its entire lifetime, thus provides a picture of the
overall outflow activity. The outflow properties can be derived
by converting the CO line observations to physical parame-
ters. Specifically, kinetic temperatures, column densities, out-
flow masses, outflow forces, and kinetic luminosities can be de-
rived from the molecular lines. In the following sections, the
derivation of these parameters is discussed.

4.2.1. Kinetic temperature

The gas kinetic temperature is obtained from CO line ratios.
Figure 10 presents the observed line wing ratios of CO 3-2/6-5
at the source positions of IRAS 4A and 4B, as well as the four
outflow knots identified in Fig. 3. The CO 6—5 map is resampled
to a 15” beam so that the lines are compared for the same beam.
The ratios are then analyzed using the RADEX non-LTE excita-
tion and radiative transfer program (van der Tak et al. 2007), as

[ 12
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Fig. 9. CO line fluxes for the observed transitions. The '?CO and '3CO
lines are normalized relative to the J = 4-3 and J = 6-5 lines, re-
spectively. Observations of the Milky Way (Wright et al. 1991), the
dense Orion Bar PDR (Habart et al. 2010), the ultraluminous galaxy
Mrk231 (van der Werf et al. 2010), and the high redshift quasar
APMO08279+5255 (Weiss et al. 2007a) are compared. In IRAS 4A and
4B, the available maps are convolved to 20” in order to compare similar
spatial regions.

shown in Fig. 4 (right). The density within the beam is taken
from the modeling results of Kristensen et al. (2012) based on
spherically symmetric envelope models assuming a power-law
density structure (see Jgrgensen et al. 2002, Sect. 5). The anal-
ysis assumes that the lines are close to being optically thin,
which is justified in Sect. 4.2.2. For the CO 6-5 transition, the
critical density is ne, = 1 x 10° cm™3, whereas for CO 3-2,
ne = 2 X 10* cm™ based on the collisional rate coefficients
of Yang et al. (2010). For densities higher than n,, the levels
are close to being thermalized and are thus a clean temperature
diagnostic; for lower densities, the precise value of the density
plays a role in the analysis.

From the adopted envelope model, the density inside
~1750 AU (7.5”) is >10° cm™ for both sources, i.e., well
above the critical densities. The inferred temperatures from the
CO 3-2/6-5 line wings are Ty, ~ 60-90 and ~90-150 K
at the source centers of IRAS 4A and 4B. These values are
somewhat lower than, but consistent with, the temperatures of
90-120 K and 140-180 K found in Yildiz et al. (2010) using
the CO 6-5/10-9 line ratios. For the outflow positions B1 and
R1, the density is ~3 X 10° ¢cm™3, which results in temperatures
of 100-150 K. The B2 and R2 positions are beyond the range of
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Fig. 10. Ratio of the Typ temperatures of '>CO 3-2/'2CO 6-5. From
top to bottom; left hand column shows IRAS 4A red outflow knots [4A-
R2, I4A-R1, central source, blue outflow knots I14A-B1, I4A-B2 and
IRAS 4B central source positions. Coordinates of these positions are
given in Table 2. The spectra are binned to 0.6 kms~!. The blue and
red masks under the spectra in the left column show the range is used
for the ratio calculations. Right hand column shows the ratios of these
transitions.

the envelope model, however assuming typical cloud densities
of ~10% ¢cm™3, the ratios indicate a higher temperature range
of 140-200 K. Note that the line ratios in Fig. 10 are remark-
ably constant with velocity, showing little or no evidence of a
temperature change with velocity.

4.2.2. Optical depths

The optical depth 7 is obtained from the line ratio of two dif-
ferent isotopologs of the same transition. In Fig. 11, spectra of
12C0O 6-5 and *CO 6-5 for IRAS 4A and 4B and '>CO 3-2 and
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of 1*CO 3-2 at the IRAS 4B source centers are shown. For pre-
sentation purposes, only the wing with the highest S/N ratio is
shown, but the same trend holds for the other wing. Figure 12
includes the spectra and the line wing ratios of two dense out-
flow knots in >CO 2—1 and '3CO 2-1 at the positions labeled
14A-R2 (northern red outflow knot) and 14A-B2 (southern blue
outflow knot). Line ratios are measured only for the line wings
excluding the central narrow emission or self-absorption. The
optical depths are then derived assuming that the two species
have the same excitation temperature and that the '>CO lines are
optically thin. The abundance ratio of '>CO/*CO is taken as 65
(Langer & Penzias 1990). The resulting optical depths of >CO
as a function of velocity are shown on the right-hand axes of
Figs. 11 and 12. High optical depths >2 are found at velocities
that are very close to the central emission implying that the cen-
tral velocities are optically thick and become optically thinner
away from the center at the line wings of the outflowing gas.

4.2.3. Outflow mass

The gas mass in a particular region can be calculated from the
product of the column densities at each position and the surface
area

Mougiow = HH, My X Z(Nﬁg,i x A) (D

where the factor uy, = 2.8 includes the contribution of helium
(Kauffmann et al. 2008), my; is the mass of the hydrogen atom, A
is the surface area in one pixel (475 x 4”5), >.; Nu, i is the pixel
averaged H, column density over the selected velocity range,
and the sum is over all pixels. To calculate the mass of the out-
flowing material, the CO 3-2 and 6-5 maps are resampled to
a Nyquist sampling rate and calculated separately for each 15”
and 9” pixel, respectively. As found in Sect. 4.2.2, the bulk of the
emission in the line wings has a low optical depth. The CO col-
umn density is then obtained from

N, (V[GHz]> W[Kkms™']
Ju Auls™' g

, ©))

where 8 = 1937 cm™2, g, = 2J + 1, and W = [ TppdV is the
integrated intensity over the line wing. This intensity is calcu-
lated separately for the blue and red line wings with the velocity
ranges defined in Sect. 3.2.3. The total CO column density, N,
can then be found by

1
No= Nt 3)

where Qr is the partition function corresponding to a specific
excitation temperature, 7. The assumed T is 75 K based
on Sect. 4.2.1, but using Tex = 100 K results in only ~10%
less mass. The column density Ny, is obtained assuming an
12CO/H2 abundance ratio of 10~4, which is lower than the canon-
ical value of 2.7 x 107* (Lacy et al. 1994). The precise value of
the CO abundance in the outflow is uncertain because some of
the CO may be frozen out onto dust grains. The total H, col-
umn densities in the outflows derived from the CO 6-5 data
are 1.0 X 10?2 cm™2 and 1.8 x 10?2 cm™2 for IRAS 4A, and
1.0 x 10*' cm™2 and 9 x 10%° cm™2 for IRAS 4B, summed over
the entire blue and red outflow lobes, respectively (see Table 5).

The masses of the outflowing material in the IRAS 4A blue
and red lobes are then 6.1 x 1072 and 1.0 x 1072 M,, and for
IRAS 4B, 6.0 x 107 and 5.3 x 10™* My, respectively. The


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201118368&pdf_id=10

Umut A. Yildiz et al.: NGC 1333 IRAS 4A/4B envelope, outflow, and UV heating

IRAS 4A
40 ‘ 40 IRAS 25 T T
o — 100 | -
CO 6415
& 1130 6-15 ¢
OSO 30 t ok 1 "
O o
o 2r ‘ “b 10 O
20 ] 20 | o pawtardtd Ny 2 50 Lo kel
e 3 —-20-10 0 10 20 18 —-20-10 0 10 20 \ —-20-10 0 10 0.02
| | 1.8 v a2
©10 foutflow ‘ 10 ¢ | ; 10
o wing | Center i Center 20 ™ Center { Outflow -
&) ; 3.1 Outflow! 3.0 O wine %9
0 : : 0 i : : O 0 : : e :
0 5 10 0 2 4 6 8 4 6 8 10 12

Velocity (km/s)
Fig. 11. Ratio of Ty '>CO 6-5/"3CO 6-5 at the IRAS 4A and IRAS 4B

Velocity (km/s)

Velocity (km/s)
source positions and '2CO 3-2/'3CO 3-2 at the IRAS 4B in left, middle,

and right figures, respectively. The insets display the corresponding spectra and the green lines show the limits of the velocities over which
these ratios are taken. The resulting optical depths of >CO as a function of velocity are shown on the right-hand axes. The spectra are binned to

0.6kms!.
IRAS 4A—B2 (Blue Lobe)
. ST —————
12
| F [15CO 21 1401
o 60 113¢0 2-1
o 41 ]
@)
240 T ML
~ 0 sy )
-20-10 0 10
T‘ 20 [ 1.0
2 s
o Out'flowi Center
O wing ! 22
0 : . ‘ z0
0 2 4 6 8

Velocity (km/s)

IRAS 4A-R2 (Red Lobe)

60

iico 2-1 Lot
l co 2-1

40

10.5

L4

0 10 20 30 40

20 | :
Center Out‘flow
ving g
0 [— P L 4.0
8 10 12 14

Velocity (km/s)

Fig. 12. Ratio of Tz '>CO 2-1/'3CO 2-1 at the 14A-B2 (left) and 14A-R2 (right) outflow positions. The insets display the corresponding spectra
and the green lines show the limits of the velocities over which these ratios are taken. The resulting optical depths of '>CO as a function of velocity

are shown on the right-hand axes. The spectra are binned to 0.6 km s,

masses have also been calculated from the CO 3-2 map, and
the resulting values are ~2 times larger, which is partly because
this line traces the colder gas of an assumed Tex = 50 K. Curtis
et al. (2010b) used the JCMT CO 3-2 map of the entire Perseus
molecular cloud to calculate the masses of the outflows from
many sources in the region. They obtained around a factor of two
higher mass for the total outflow in IRAS 4A (7.1 x 1072 vs.
our measurement of 3.0 x 1072 My from the 3-2 data) and
around a factor of three higher value for the IRAS 4B outflow
(1.1 x 1072 vs. our measurement 1.8 x 1073 M,). These differ-
ences are well within the expected uncertainties, i.e., caused by
choosing slightly different velocity ranges.

4.3. Outflow energetics

Theories of the origin of jets and winds and models of the ‘feed-
back’ of young stars on their surroundings require constraints
on the characteristic force and energetics of the flow to infer the
underlying physical processes. Specifically, the outflow force,
kinetic luminosity, and mass ouflow rate can be measured from
our data. The outflow force is defined as

X A X AV?

max,i)' (4)

1
Fco = —

my X Ny, i
Reo HH, My Z( Ha,i

To date, this parameter has been determined by using lower-J
lines for several young stellar objects (Cabrit & Bertout 1992;
Bontemps et al. 1996; Hogerheijde et al. 1998; van Kempen et al.
2009b). The kinetic luminosity can be obtained from

3
Liin = 53— it i1 X Z(Nﬁz,i X AXAV3 ) )
and the mass outflow rate
M - Moutﬂow_ (6)
tdyn

The outflow parameters derived from the observations are pre-
sented in Table 5. No correction factors were applied (cf. Cabrit
& Bertout 1990).

5. Analysis: envelope properties
and CO abundance

5.1. Envelope model

To quantify the density and temperature structure of each
envelope, the continuum emission is modeled using the
1D spherically symmetric dust radiative transfer code DUSTY
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Table 5. Outflow properties of the red and blue outflow lobes of IRAS 4A and IRAS 4B.

Outflow properties

ab

Source Trans. Lobe Vimax® Rco? Tdyn Nu, M ufion” Mee Feo®f Liin®?
[km s~'] [AU] [yr] [cm™] [Mo] [Moyr'] [Moyr " kms™'] [Lo]
IRAS4A CO3-2 Blue 22 2.8x10* 59x10° 8.6x10* 1.3x107%2 2.1x107° 5.0%x1073 29 x107*
Red 18 39x10*  1.0x10* 1.2x10** 18x1072 1.7x10°° 3.9%x1073 2.0x107*
CO6-5 Blue 20 25x10*  59x10°  1.0x102% 6.1x107° 1.0x107° 3.1x1073 22x107*
Red 18 3.5x10*  92x10°  1.8x10% 1.0x1072 1.1x10°° 3.7x1073 2.5%x107*
IRAS4B CO3-2 Blue 18 3.5x10° 4.6x10%  6.7x10™ 1.9%x1073 1.1x10™*
Red 15 4.7x10° 7.5%x10%°  1.1x1073 2.0x1073 9.7x1073
CO6-5 Blue 20 1.9x10° 1.0x10°"  6.0x107* 3.4x1073 2.5%x107*
Red 12 7.5 %107 9.1x10%° 53x10™ 7.7%1073 4.5%x107*

Notes. @ Uncorrected for inclination. ®» Dynamical timescale. © Constant temperature of 75 K assumed for the CO 6-5 calculations, and 50 K
assumed for the CO 3-2 calculations. Uncorrected for inclination as explained in Sect. 4.2.3. ) Mass outflow rate, "’ outflow force , and  kinetic

luminosity.

Table 6. Spherical envelope models derived from dust-continuum radiative-transfer calculations of Kristensen et al. (2012).

Source Y© o ph TS Fout® riok’ n, 9 Myl no k' Nuyox!  Miok*
[AU] [AU] [AU] [em~?] [em~?] [cm™?] [em™2] [Ms]

IRAS 4A 1000 1.8 7.7 33.5 33x10%  64x10° 3.1x10° 12x10* 24x10°0 1.9x10* 5.1

IRAS 4B 800 14 4.3 15.0 12x10*  3.8x10° 20x10° 18x10° 8.7x10° 1.0x10* 3.0

Notes.  riy /rou. © Power law index. ) Opacity at 100 um.  Inner radius of the envelope. * Outer radius of the envelope, reaching out to 8 K.
(" 10 K radius. @ Number density at r;,. ?’ Number density at ro,. © Number density at 10 K radius. ” H, column density. ® Total mass of the

envelope in 10 K radius.

(Ivezi¢ & Elitzur 1997). The method closely follows that of
Schoier et al. (2002) and Jgrgensen et al. (2002, 2005a), and is
discussed further in Kristensen et al. (2012). The inner bound-
ary of the envelope is set to be where the dust temperature has
dropped to 250 K (=rj,). The density structure of the envelope
is assumed to follow a power law with an index p, i.e., n oc r 7,
where p is a free parameter. The other free parameters are the
size of the envelope, Y = rqy/rin and the opacity at 100 um,
T100- A grid of DUSTY models was run and compared to the SEDs
obtained from the literature and radial emission profiles at 450
um and 850 um (Di Francesco et al. 2008). The best-fit solutions
were obtained using a /\{2 method and are listed in Table 6, where
the derived physical parameters of the envelopes are also listed.

A complication for the IRAS 4A/4B system is that they
are so close to each other that their envelopes could overlap.
Figures 3 and 13 compare the envelopes at the 10 K radius and
the observed beam sizes. The model envelopes start to overlap
almost immediately from the central protostars if the two sources
are at the same distance. In this case, the summed density of the
two envelopes does not drop below 1.5 x 10° cm™ (Fig. 13, left).
Another scenario discussed in Sect. 3.2.3 is that the two sources
are sufficiently well-separated in distance such that they do not
interact and therefore have separate envelopes (Fig. 7c and d).
The density and temperature profiles as a function of radius for
such a scenario are shown in Fig. 13 (right). Since the overlap
area is small even in the case that the sources are at exactly the
same distance, the subsequent analysis is done adopting this lat-
ter scenario.

The resulting envelope structure is used as input to the
Ratran line radiative-transfer modeling code (Hogerheijde &
van der Tak 2000). In Table 6, the inferred values from DUSTY
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Fig. 13. Power-law density profiles discussed for two scenarios in
Sect. 4.3. In the left panel, the IRAS 4A position is taken as the ref-
erence and rap indicates the 4A-4B distance. In the right-hand panel,
the individual envelope profiles are shown. This panel includes a typ-
ical drop-abundance profile, with an outer abundance X, a freeze-out
abundance Xp, and an inner abundance Xj,. In an anti-jump profile, the
evaporation jump in the inner envelope is lacking.

that are used in Ratran are given. In IRAS 4A, the outer ra-
dius is taken to be the radius where the density n drops to
1.2 x 10* cm™3, and the temperature is considered to be constant
after it reaches 8 K. The total masses of the envelopes are 5.1 M,
(out to a radius of 6.4x 10> AU) and 3.0 M, (3.8 x 10° AU)
at the 10 K radius and 37.0 My (3.3x 10* AU) and 18.0 M,
(1.2x 10* AU) at the 8 K radius for IRAS 4A and 4B, respec-
tively. The turbulent velocity is set to 0.8 km s~!, which is repre-
sentative of the observed C'®0 line widths. However, the narrow
component of the 3CO lines is better reproduced with turbulent
velocities of 0.5 km s~ and 0.6 km s~ for IRAS 4A and 4B,
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respectively. The model emission is convolved with the beam in
which the line has been observed.

5.2. CO abundance profile

Yildiz et al. (2010) present Herschel-HIFI single pointing
observations of CO and isotopologs up to 10-9 (E,/k =
300 K) for NGC 1333 IRAS 4A, 4B, and 2A. They used the
C'80 and C!70 isotopolog data from 1-0 up to 9-8 to in-
fer the abundance structure of CO through the envelope of
the IRAS 2A protostellar envelope. For that source, the inclu-
sion of the higher-J lines demonstrates that CO must evap-
orate back into the gas phase in the inner envelope. In con-
trast, the low-J lines primarily trace the freeze-out in the outer
envelope (Jgrgensen et al. 2002, 2005a). The maximum possible
abundance of CO with respect to H, is 2.7 x 10™* as measured in
warm dense gas. Interestingly, the inner abundance in the warm
gas was found to be less for IRAS 2A by a factor of a few. One
goal of this study is to investigate whether this conclusion holds
more commonly, in particular for the CO abundance profiles in
IRAS 4A and 4B.

The CO abundance profile models were constructed for both
IRAS 4A and 4B in the isotopolog lines of C'%0 and C!7O us-
ing the methods outlined above. The lines are optically thin and
have narrow line-widths characteristic of the quiescent surround-
ing envelope. The CO-H; collision parameters from Yang et al.
(2010) were used. The calibration errors were taken into account
in the modeling. Following the recipe of Yildiz et al. (2010) for
IRAS 2A, “constant”, “anti-jump”, “drop”, and “jump” abun-
dance profiles were investigated (see Fig. 13, right). The abun-
dance ratio of C'®0/C'70O was taken as 3.65 (Wilson & Rood
1994).

5.2.1. Constant abundance profile

As a first iteration, a constant abundance was used to model the
C'30 and C'70 lines, but it was impossible to reproduce all line
intensities with this profile. In IRAS 4A, higher-J C'30 lines
converge well around an abundance of X ~ 6 x 1078, although
was necessary to consider lower abundances to produce lower-J
lines, around X ~ 1-2 x 1078, In IRAS 4B, higher-J lines were
accurately described for ~1 x 1077 and lower-J lines again with
1-2x 1078, Here, low-J refers to the J < 3 lines and high-J to
the J > 5 lines.

5.2.2. Anti-jump abundance profile

For IRAS 4A, an anti-jump profile was run for the C'*0 and
C'70 lines. In an anti-jump profile, the evaporation jump in the
inner envelope is omitted, that is the inner abundance, Xj, =
Xp, and the depletion density, ng., are varied while the outer
abundance remains high at X, = 5 x 1077 corresponding to
a '2CO abundance of 2.7 x 10~ for '°0/'80 = 550 (see Yildiz
et al. 2010, for the motivation behind keeping X, at this value).
Reduced-y? plots are shown in Fig. 14 where lower and higher-
J lines are shown separately in order to illustrate their different
constraints. Lower-J lines indicate an ng. of 7.5 x 10* cm™ and
Xp of 1x 1078, The higher-J lines do not constrain ng. but an
upper limit of 2.5 x 103 cm™ and a well-determined Xp, value of
5% 1078 are obtained. Since the density at the outer edge of the
IRAS 4B envelope does not drop below 1.8 x 10° cm™3, apply-
ing an anti-jump profile was impossible. CO remains frozen-out
throughout the outer parts of the envelope.

IRAS4A CBO (Anti — Jump)

High — J x?

T

Low — J x2

5.6F
541
5.2¢
5.0¢
4.8
4.6
447
—8.0 —7.5 —7.0 —6.5 —8.0 —7.5 7.0 —6.5
log(Xp) log(Xp)

Fig. 14. Reduced y* plots for the anti-jump abundance profile in
IRAS 4A for the C'0 lines in which the freeze-out abundance Xp and
depletion density ng. are varied. The left panel take the low-J lines
C'®0 1-0, 2-1, 3-2 into account, whereas the right panels use the
high-J C'80 54, 6-5, 9-8, and 10-9 lines. The contours are plotted
for the 10, 20, 30, 40, and 50 confidence levels.
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Fig. 15. Reduced y? plots for the drop and jump abundance profile for
the C'80 lines in IRAS 4A and 4B, respectively. The freeze-out abun-
dance Xp and inner abundance X;, were varied. All lines were taken
into account except J = 1-0 and 54 owing to the comparatively larger
beam sizes. The contours are plotted at 1o, 20, 30, and 40~ confidence
levels and white crosses show the best-fit values.

5.2.3. Drop and jump abundance profile

To fit all observed lines, a “drop” abundance profile is needed in
which the inner abundance Xj, increases above the ice evapora-
tion temperature, T, (Jgrgensen et al. 2005b), as found for the
IRAS 2A envelope (Yildiz et al. 2010). The nq4. and Xp param-
eters inferred from the anti-jump profile from the low-J lines
are used to determine the evaporation temperature and inner
abundance (Xi,). As for IRAS 2A, the reduced y? plots (not
shown) indicate that the evaporation temperature is not well-
determined, thus a laboratory lower limit of ~25 K is taken.
Figure 15 left shows the x? plots in which the inner abundance
Xin and Xp are varied. The models are run for a desorption den-
sity of 7.5 x 10* cm™ in IRAS 4A. Best-fit values for the lower-
and higher-J lines are Xj, ~1X 1077 and Xp=5.5x 1078, For
IRAS 4B, a jump abundance profile was applied in which the
CO abundance stays low in the outer part (see Sect. 5.2.2). With
this model, again, Xj, and Xp values are varied (Fig. 15 right).
The best fit gives Xj, ~3 x 107 and Xp =1 x 1078,

Best-fit values obtained with the above-mentioned models
are summarized in Table 7 and a simple cartoon is shown
in Fig. 16. Modeled lines are overplotted on the observed
C'80 lines in Fig. 17 convolving each line to the beam in which
they were observed. In the models, the C0 1-0 and 54 lines
are underproduced because their much larger beam sizes pick
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Table 7. Summary of C'#0 abundance profiles for IRAS 4A and 4B.

Profile Xin Tey Xp Nde Xo
(K] [em™]
IRAS 4A
Constant ... . 1-5x 1078
Anti-jump Ix10%  7.5x10* 5x1077
Drop ~1x107 25 55x107° 75x10* 5x1077
IRAS 4B
Constant . . ... 1-6x 1078
Jump 3x107 25 1x1078 %1078
IRAS 2A¢
Constant .. .. 1.4x1077
Anti-jump . 3x107°8 7% 10* 5%1077
Drop 15107 25 ~4x107% 7x10* 5%1077
Notes. @ Results from Yildiz et al. (2010).
1076 ‘
TRAS4B re—

§ 10—7 L |

E) Xin Xp Xo

< 1078} ]

TRAS4A
-9 . . .
10701 102 10 10* 10°
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Fig. 16. Schematic diagram showing the best-fit abundance profiles for
IRAS 4A (blue) and IRAS 4B (red).

up emission from the extended surroundings not included in the
model.

Table 7 includes the IRAS 2A results from Yildiz et al.
(2010), who found that X;j, is a factor of about 3—5 lower than
Xo in IRAS 2A and a factor of 5 lower in IRAS 4A. Fuente et al.
(2012) found a similar factor for the envelope of the intermediate
mass protostar NGC 7129 IRS. Thus, the conclusion of Yildiz
et al. (2010) for IRAS 2A that Xj, < Xy holds more generally
and is not linked to a specific source. This, in turn, may imply
that a fraction of the CO is processed into other molecules in the
cold phase when the CO resides on the grains. The lack of strong
centrally-peaked [C I] emission in the [C I] map indicates that
CO is not significantly (photo)dissociated in the inner envelope.

6. Analysis: UV-heated gas

In addition to shocks, UV photons can also heat the gas.
Qualitatively, the presence of UV-heated gas is demonstrated
by the detection of extended narrow '2CO and '*CO 6-5 emis-
sion in our spectrally resolved data (Hogerheijde et al. 1998;
van Kempen et al. 2009b; van Dishoeck et al. 2009). This emis-
sion is observed to surround the outflow walls (Sect. 3.2.1)
suggests a scenario in which UV photons escape through the out-
flow cavities and either impact directly the envelope or are scat-
tered into the envelope on scales of a few thousand AU (Spaans
et al. 1995). Our map also displays narrow '>CO 6-5 emission
on larger scales as well as in and around the bow-shock regions
(Fig. 1). At all of these locations, the UV photons are most
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Fig.17. Left: line profiles obtained with the best-fit anti-jump (blue)
and drop abundance (red) envelope models overplotted on the observed
C'80 lines in IRAS 4A. Right: similar best-fit jump abundance profile
for IRAS 4B. See Table 7 for best-fit parameters.

likely produced by the bow- and jet-shocks themselves, with
the UV photons directly impacting the cavity walls and quies-
cent envelope. At velocities of 80 km s~! or more, these shocks
produce photons with high enough energies that they can even
photodissociate CO (Neufeld & Dalgarno 1989).

Quantitatively, the tightest constraints on the UV-heated
gas come from the narrow component of the 3CO emission.
However, at the source positions, the passively-heated envelope
also contributes to the intensity. To model this component, the
best-fit C'80 abundance profile of each source was taken and
its abundance multiplied by the '*C/'80 abundance ratio of 8.5.
Figure 18 presents the resulting Ratran '*CO 6-5 line profiles
at the central positions. The observed spectra for IRAS 4A and
4B are overplotted where the (weak) broad component was re-
moved by fitting two Gaussians to the spectra. The model spectra
obtained with this profile were found to fit the '*CO 6-5 narrow
emission profiles very well, implying that the contribution from
the envelope is indeed significant.

In Fig. 19, the same method was applied to the entire
3CO 6-5 map to probe the extent of the envelope emis-
sion. In the middle panel, the observed integrated intensity
map of only the narrow component is plotted. In the bottom
panel, the '3CO map from the envelope model is convolved
with the APEX beam and subsequently subtracted from the
corresponding observed spectra. For both sources, the envelope
model reproduces '*CO 6-5 emission at the central position.
For IRAS 4B, no significant emission remains at off-source po-
sitions. For IRAS 4A, however, narrow and extended emission
is clearly visible beyond the envelope. Figure 19 top panel over-
plots the model envelope profiles on top of the observed profiles,
showing that only the central positions are well-reproduced by
this model. The excess emission has a width of only a few km s~
such that it is unrelated to the outflow. Heating by UV pho-
tons is the only other plausible explanation. This interpretation
is strengthened by the excess emission occuring precisely along
the cavity walls, as shown in the bottom panel. The '*CO 6-5
transition requires a temperature of 7 ~ 50 K to be excited,
which is consistent with the model predictions of Visser et al.
(2012) showing a plateau around this temperature on scales of
a few 1000 AU from the protostar. Hence, these observations
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Fig. 18. Top panels: 3CO 6-5 spectra of IRAS 4A and 4B at the source
positions. The green line is the fit to the narrow plus broad compo-
nents. Bottom panels: the same lines after subtracting the broad com-
ponent. The red line indicates the '*CO envelope model emission using
the CO drop abundance profile derived from the C'®0 data. The figure
indicates that a substantial fraction of the on-source emission comes
from the passively-heated envelope. For IRAS 4A, however, there is
also significant extended emission that is not due to the envelope (see
Fig. 19).

constitute the first direct observational evidence for the presence
of UV-heated cavity walls.

To compare the amount of gas heated by UV photons and
gas swept up by the outflows, the masses in each of these com-
ponents were calculated using the CO 6-5 and '*CO 6-5 data
(narrow component only) over the same region. The mass of the
UV-heated gas was calculated assuming that 7.x = 75 K and
CO/H, = 107 Since the '*CO 6-5 map is smaller than that
of CO 6-5, the outflow masses could not simply be taken from
Table 5, but were recomputed over the smaller area covered by
the '*CO data. Both numbers were compared to the total gas
mass in this area, obtained from the spherical model envelope
based on the DUSTY results (see Sect. 5). To compare the same
area as covered by the outflows, only the mass in an elliptical bi-
conical shape was considered, with each cone occupying ~15%
volume of the entire envelope out to the 10 K radius that would
be present if the area had not been evacuated (see Fig. 6). The
10 K limit is still within the borders of the '*CO map (Fig. 3).
The UV photon-heated gas mass was derived from the '*CO 6-5
narrow emission-line map after the envelope emission had been
subtracted (bottom panel of Fig. 19). The inferred masses — total,
UV-heated, and outflow — are summarized in Table 8.

Interestingly, for IRAS 4A, the mass of UV-photon-heated
gas is somewhat higher than that of the outflowing gas, demon-
strating that UV photons can have at least an equally large im-
pact on their surroundings as the outflows. Although the uncer-
tainties in the derived values are a factor of 2-3 (largely owing
to uncertainties in CO/H;), both masses are, however, only a
few percent of the total quiescent envelope mass in the same
area. For IRAS 4B, UV photons are apparently unable to escape

[ TopdV

A (Arcsec)
[ T dV/

40 30 20 10 0 —10
Aa (Arcsec)

Fig. 19. Top: central region of the '3CO 6-5 map covering IRAS 4A.
The broad component has been removed from the entire map. The red
lines indicate the envelope model emission. Middle: integrated inten-
sity map of the narrow *CO 6-5 emission, obtained by removing the
broad component. The white square box indicates the region covered in
the top figure. This map shows both the envelope and UV-heated gas.
Bottom: *CO map obtained after subtracting the model '3CO 6-5 enve-
lope emission convolved to the APEX beam from the above map. White
circles show the limits of the 10 K radius envelope and white cones
show the direction of the outflows. This map represents the UV-heated
gas only.

the immediate protostellar environment (see also discussion in
Herczeg et al. 2012). In addition, the near pole-on geometry in
this case makes the detection of extended emission along the
outflow cavity more difficult.
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Table 8. Comparison of photon-heated and outflow masses over the area
mapped by *CO 6-5.

Source Mtotala Mconesb Moutﬂowc MUVd

envelope envelope '2CO6-5 '*CO6-5
IRAS 4A 5.0 1.5 37x107%  1.7x107?
IRAS 4B 3.1 0.9 1.0x 1073

Notes. All masses are given in M and the area taken in the calcula-
tions is shown in Fig. 19.  Total mass of the spherical envelope in-
ferred from the continuum radiative-transfer modeling using DUSTY.
® Envelope mass in both of the outflow cones assuming that each cone
contains ~15% of the total envelope mass out to the mapped radius.
© Qutflow mass calculated from the 2CO 6-5 outflow wings over the
mapped '3CO area. @ UV photon-heated gas mass calculated from
the narrow '*CO 6-5 spectra over the mapped area after subtracting
the modeled envelope emission.

7. Conclusions

The two nearby Stage 0 low-mass YSOs, NGC1333 IRAS 4A
and IRAS 4B, have been mapped in '>CO 6-5 using APEX-
CHAMP?*, with the resultant map covering the large-scale
molecular outflow from IRAS 4A. '2CO 6-5 emission is de-
tected everywhere in the map. Velocity-resolved line profiles ap-
pear mainly in two categories: broad lines with Av > 10 km s~!
and narrow lines with Av < 2 km s~!. The broad lines originate in
the molecular outflow, whereas the narrow lines are interpreted
as coming from UV heating of the gas. This interpretation is
supported by the location of the narrow profiles, which “encap-
sulate” the broad outflow lines.

Comparing the CO 6-5 map with a CO 3-2 map obtained at
the JCMT allows for a determination of the kinetic temperature
of the outflow gas as a function of position through the outflow.
The temperature peaks at the outflow knots and exceeds 100 K.
The temperature is found to be constant with velocity, and there
is no indication of higher temperatures being reached at higher
velocities. Our high S/N multi-line data of '>CO and isotopologs
have allowed us to derive excitation temperatures, line widths,
and optical depths, and thus the outflow properties, more accu-
rately than before.

Smaller '*CO 6-5 maps centered on the source positions
have also been obtained with APEX-CHAMP*. The *CO 6-5
emission is detected within a 20" radius of each source, and
the line profiles are narrower than observed for the outflowing
gas. The narrow '3CO emission traces gas with a temperature
of ~50 K at these densities, with the gas being heated by the
UV photons. The mass of the outflowing gas is measured from
the '?CO data, whereas the mass of the UV-heated gas is mea-
sured from the narrow '*CO spectra after subtracting the spheri-
cal envelope and outflow contributions. For IRAS 4A, the mass
of the UV-heated gas is at least comparable to the mass of the
outflow. This result shows that close to the source position on
scales of a few thousand AU, UV heating is just as important
as shock heating in terms of exciting CO to the J = 6 level.
Outflow- and envelope-subtracted '*CO 6-5 maps clearly reveal
the first direct observational images of these UV-heated cavity
walls.

Single-pointing C'80 data have been obtained at the JCMT,
APEX-CHAMP* and most recently with Herschel-HIFI, the lat-
ter observing lines up to J = 10-9. The data have been used
to constrain the CO abundance throughout the envelopes of the
two sources. To reproduce the high-J C'80 emission, a “drop”
in the abundance profile is required. This “drop” corresponds to
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the zone where CO is frozen out onto dust grains, thus provides
quantitative evidence of the physical characteristics of this zone.
The CO abundance rises in the inner part where 7 > 25 K, but
not to its expected canonical value of 2.7 x 10~ (Lacy et al.
1994), indicating that some further processing of the molecule is
taking place.

The combination of low-J CO lines (up to J = 3-2) and
higher-J CO lines such as J = 6-5 opens up a new window for
quantifying the warm (7" ~ 100 K) gas surrounding protostars
and along their outflows. These spectrally resolved data form an
important complement to spectrally unresolved data of the same
lines such as being acquired for similar sources with Herschel-
SPIRE. From our data, it is clear that the '>CO lines covered
by SPIRE are dominated by the entrained outflow gas with an
excitation temperature of ~100 K. For 13CO, lines centered on
the protostar are dominated by emission from the warm enve-
lope, which is passively heated by the protostellar luminosity.
Off source on scales of a few thousand AU, however, UV-photon
heated gas along the cavity walls dominates the emission. The
UV-heated component becomes visible in '>CO lines higher
than 10-9, but it is likely that for Stage 0 sources this com-
ponent will be overwhelmed by shocks for all lines in spec-
trally unresolved data (Visser et al. 2012). Thus, the 12CO and
13CO data provide complementary information on the physical
processes in the protostellar environment: >CO traces swept-up
outflow (lower-J) and currently shocked (higher-J) gas, whereas
13CO traces warm envelope and photon-heated gas. Our results
imply that spectrally unresolved '2CO/"3CO line ratios have only
a limited meaning.

Understanding the excitation of chemically simple
molecules such as CO is a prerequisite for interpreting
other molecules, in particular H,O data from Herschel-HIFI.
Furthermore, understanding the distribution of warm CO on
large spatial scales (>1000 AU) is necessary for interpreting
future high spatial resolution data from ALMA.
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Appendix A: Auxillary figures

We present the CO 3—2 map obtained from JCMT, which is dis-
cussed in Sect. 3.2.2, and the CHAMP* map of [C1] 2-1, which
is discussed in Sect. 3.2.4.
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Fig. A.1. '2CO 3-2 spectral map of IRAS 4A and 4B over the 240” x
240” mapping area. Individual spectra are shown on the Ty scale
from —2 K to 16 K and velocity scale from —20 km s™! to 30 km s~'.
The maps are centered on IRAS 4A. The contour levels start from 200

(10 K km s™!) with an increasing step size of 5 K km s~!.
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