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ABSTRACT

Aims. We investigate the chemical relations between complex organics based on their spatial distributions and excitation conditions
in the low-mass young stellar objects IRAS 16293-2422 “A” and “B”.

Methods. Interferometric observations with the Submillimeter Array have been performed at 5 x 3" (800 x 500 AU) resolution re-
vealing emission lines of HNCO, CH;CN, CH,CO, CH;CHO and C,Hs;OH. Rotational temperatures are determined from rotational
diagrams when a sufficient number of lines are detected.

Results. Compact emission is detected for all species studied here. For HNCO and CH;CN it mostly arises from source “A”, CH,CO
and C,HsOH have comparable strength for both sources and CH;CHO arises exclusively from source “B”. HNCO, CH;CN and
CH;CHO have rotational temperatures >200 K implying that they arise from hot gas. The (u, v)-visibility data reveal that HNCO also
has extended cold emission, which could not be previously determined through single dish data.

Conclusions. The relative abundances of the molecules studied here are very similar within factors of a few to those found in high-
mass YSOs. This illustrates that the chemistry between high- and low-mass objects appears to be relatively similar and thus indepen-
dent of luminosity and cloud mass. In contrast, bigger abundance differences are seen between the “A” and “B” source. For instance,
the HNCO abundance relative to CH;OH is ~4 times higher toward “A”, which may be due to a higher initial OCN™ ice abundances
in source “A” compared to “B”. Furthermore, not all oxygen-bearing species are co-existent, with CH;CHO/CH;OH an order of
magnitude higher toward “B” than “A”. The different spatial behavior of CH,CO and C,HsOH compared with CH;CHO suggests
that successive hydrogenation reactions on grain-surfaces are not sufficient to explain the observed gas phase abundance of the latter.
Selective destruction of CH3;CHO may result in the anti-coincidence of these species in source “A”. These results illustrate the power

of interferometric compared with single dish data in terms of testing chemical models.
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1. Introduction

The envelopes of some low-mass protostars contain many com-
plex organic molecules' (Blake et al. 1994; van Dishoeck et al.
1995; Cazaux et al. 2003; Bottinelli et al. 2004a,b, 2007b;
Jgrgensen et al. 2005a,b; Sakai et al. 2006, 2007). This raises
the question whether these are low-mass versions of “hot cores”,
chemically very rich environments in high-mass star forming
regions that are thought to have their origin in grain-mantle
evaporation and the subsequent rapid gas phase reactions. The
low-mass counterpart is sometimes called a “hot corino”. The
presence of warm material has long been suggested from mod-
eling of the SEDs of these sources (e.g., Adams et al. 1987,
Jgrgensen et al. 2002; Shirley et al. 2002) and has been firmly
established by molecular excitation studies (Blake et al. 1994;
van Dishoeck et al. 1995; Ceccarelli et al. 2000) and by re-
solved interferometric imaging (see e.g., Chandler et al. 2005;

* Appendix A is only available in electronic form at
http://www.aanda.org
** Current address: Max-Planck-Institut fiir Radioastronomie, Auf dem
Hiigel 69, 53121 Bonn, Germany.
! In this paper molecules are considered complex if they contain more
than four atoms.

Bottinelli et al. 2004b; Jgrgensen et al. 2005¢). However, in some
sources the emission peaks offset from the continuum source
(e.g., Chandler et al. 2005). This offset is in disagreement with
the “hot corino” hypothesis for low-mass stars in which com-
plex molecules evaporate through passive heating and is more
in favor of other explanations such as the presence of disks or
outflows that create shocks in the envelope. Currently, there is
an ongoing debate on whether the emission of complex organics
comes from “hot corinos” or from other types of regions. Also,
the extent to which the observed organics are first generation
molecules created in the ice or second generation produced in
the gas is still an open question. The aim of this work is to map
the emission of complex organics to address the latter question,
namely to determine their most likely formation mechanism.

One method to study chemical links between species is to
study molecular abundances through single-dish surveys in a
large number of sources (van der Tak et al. 2000, 2003; Ikeda
et al. 2001; Bisschop et al. 2007b). An alternative method is
to look for spatial correlations by interferometric observations
of a single source through which it is possible to distinguish
compact and extended emission as well as the exact location
of the compact emission. The species that are studied here
are the nitrogen-bearing species, HNCO and CH3;CN and the
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Table 1. Line parameters and fluxes from detected HNCO and CH;CN transitions for the “A” and “B” components. The figures in which the lines

are shown are indicated in the last column.

Molecule  Freq. Transition E, u’S FAV® (Jy km s™) [o] Figure
(GHz) (K) (D% “A” “B”

HNCO 219.657  1037/8—936,7 447 139.2 4.9 [2207] 0.54[ 80] A.1l
219.733  10,9—925 231 73.8  10.5% [410] 0.37[ 60] A.l
219.737  10,8-9,7 231 73.8  10.5% [410] 0.30[ 501 A.1
219.798 10010900 58 77.0 10.9 [4907] 1.37 [120] 1
220.584  1019-9;5 102 76.2 9.6 [430] 1.19 [130] 3

CH;CN 220.476  123—11g 526 608.6 24 [1l0] 045[ 701 Al
220.539  12;-114 419 722.8 3.1 [l40] 044 701 Al
220.594  126—114 326 16433 - 1.56 [140] 3
220.641  125—115 247 905.3 - 1.81[190] 3
220.679  124—114 183 9739 114 [520] 1.76 [190] A2
220.709  123-113 133 20544 14.8 [670] 221 [230] A2
220.730  12,-11, 97 1065.1 14.3 [6507] 2.07 [220] A2
220.742  12,-11, 76  1088.0 - 223 [240] A2
220.747  12p-11, 69  1095.6 — 247 [260] 1,A2

CH?CN 220.600 123-113 133 2066.3 - 0.88[ 901 3
220.621  12,-11, 97 10714 - 0.69[ 701 3
220.634  12,-11, 76 10944 - 0.61[ 60] 3
220.638  129—11, 69 1102.1 - 044 [ 501 3

¢ FAV is determined over the full width of the emission coming from source “A” or “B”, respectively. b The 1029—9,5 and 10,53—9, 7 transitions
for HNCO are blended in source “A”. The flux given is the total combined flux for both lines. ¢ Blended with the C;HsOH 13, 13—12 ;» transition.

 Strongly blended lines.

oxygen-bearing species CH,CO, CH3CHO, and C,HsOH that
are commonly found toward or surrounding hot cores. The
molecules CH,CO, CH3;CHO and C,HsOH are proposed to be
linked by successive hydrogenation on the surfaces of grains
(Tielens & Charnley 1997).

The source studied in this paper, IRAS 16293-2422, is a
very well studied and chemically rich low-mass YSO. It is a bi-
nary with its main components, named “A” and “B”, separated
by 5” (corresponding to 800 AU at 160 pc Mundy et al. 1992).
From single dish observations and modeling, van Dishoeck et al.
(1995), Ceccarelli et al. (1999, 2000) and Schoier et al. (2002)
concluded that emission from several organic molecules arises
from a compact region. The data for some species such as H,CO
and CH3CN are significantly better fitted if a “jump” in the
abundance at 80-90 K due to grain-mantle evaporation is as-
sumed in a spherical circum-binary envelope (Ceccarelli et al.
2000; Schoier et al. 2002). Through interferometric observations
it is possible to distinguish between the emission from the cold
extended envelope and more compact emission as well as the
peak location: is the emission coming from source “A” or “B”?
Previous observations have shown that some complex species
are much more abundant toward one source than the other, such
as CH30CHO which is more prominent toward the “A” source
(Bottinelli et al. 2004b; Huang et al. 2005; Kuan et al. 2004;
Remijan & Hollis 20006).

The nitrogen-bearing species HNCO and CH3CN have pre-
viously been detected toward IRAS 16293-2422 through single
dish observations (van Dishoeck et al. 1995; Cazaux et al. 2003).
They often have high rotational temperatures in star forming
regions implying that they are present in hot gas (Olmi et al.
1993; Zinchenko et al. 2000; Cazaux et al. 2003; Bisschop et al.
2007b). This is also the case for the oxygen-bearing molecule
C,HsOH (Ikeda et al. 2001; Bisschop et al. 2007b). In contrast,
CH,CO and CH3CHO are often detected in high-mass sources
with low rotational temperatures (Ikeda et al. 2002; Bisschop
et al. 2007b). For CH3CHO higher rotational temperatures are
also found, but these can be due to the b-type transitions that

are radiatively pumped and do not represent the actual kinetic
temperature of the gas (Nummelin et al. 2000; Turner 1991).
Recent laboratory experiments by Bisschop et al. (2007a) have
shown that it is possible to explain the gas phase abundances of
C,H5O0H if a solid state formation route through CH3;CHO hy-
drogenation is assumed. The observed absence of CH3;CHO in
hot gas combined with its detection in cold ices (Keane 2001;
Gibb et al. 2004), however, implies that it must be destroyed at
higher ice temperatures, before evaporation commences, or di-
rectly after evaporation in the gas phase. A comparison of the
excitation properties as well as interferometric observations in
which the spatial distribution of the species can be determined
are good tools to further elucidate the chemical relations be-
tween these species.

This paper is structured as follows: Sect. 2 presents the
Submillimeter Array (SMA) observing strategy as well as maps
and spectra; Sect. 3 explains the analysis of the interferomet-
ric observations in the (u,v)-plane and the fitting of rotational
diagrams; Sect. 4 presents the results of the rotational diagram
and flux analysis; Sect. 5 discusses the relative abundances of
the different species with respect to each other as well as the
implications for the chemistry; Sect. 6 summarizes the main
conclusions.

2. Observations
2.1. Observing strategy

The line-rich low-mass protostar, IRAS 16293-2422, at a dis-
tance of 160 pc, has been surveyed from 2004 to 2005 using
the Submillimeter Array” (SMA) in a large number of frequency
settings. In this paper we focus on just the emission lines from
HNCO, CH3;CN, C,HsOH, CH,CO and CH3CHO for which

2 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of
Astronomy and Astrophysics. It is funded by the Smithsonian Institute
and Academia Sinica.
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Table 2. Line parameters and fluxes from detected CH,CO, CH;CHO and C,HsOH transitions for the “A” and “B” components. The figures in

which the lines are shown are indicated in the last column.

Molecule Freq. Transition E, u’S FAV® (Jy km s™!) [o] Figure
(GHz) (K) (D% “A” “B”

CH,CO 220.178  11y1;—104 0 76 65.4 398 [180] 3.30[350] 1

CH;CHO-A?  219.780  11,,0—10;9 435 66.4 <0.22 043[ 701 A3
230.302 1255, —11510 81 73.7 <022 223 [240] A3
230.395  12;;—11540 286 741 <0.22 1.01 [170] A3
230.438 129 12—1101; 440 729 <0.22 0.66[ 80] A3
231330 12587—11576 129 1255 <0.22 2.66 [280] A3

CH;CHO-E?  231.357  1239—1133 299 714 <0.22 1.32[140] A4
231.363  125;—-11s¢ 129 62.7 <0.22 244 [260] A4
231.369  1255—1157 129 62.7 <0.22 1.94[210] A4

C,HsOH 220.602  13;3—12¢2 74 44.7 < 4.02 [340] 1,3,4

@ FAV is determined over the full width of the emission coming from source “A” or “B”, respectively. * 3o~ upper limits are calculated assuming
that the CH3;CHO-A and E lines have the same line-widths as CH,CO. ¢ Blended with the CH?CN 125—113 and CH3CN 12¢—11¢ transitions.

particularly sensitive data exist (see Tables 1 and 2). Other pa-
pers presenting data from this survey are Takakuwa et al. (2007)
and Yeh et al. (2008).

The data shown here were all covered in one spectral setup
at 219.4-221.3 GHz (LSB) and 229.4-231.3 GHz (USB) on
February 18th 2005 with 6 antennas in the compact configura-
tion of the array, resulting in 15 baselines from 10—70 m. This
frequency setup was chosen to complement a large SMA sur-
vey of Class 0 sources (Jgrgensen et al. 2007) and includes,
e.g., the strong CO transitions and its isotopologues and a large
number of lines from organic molecules. The data were taken
as part of dual receiver observations simultaneously with high
frequency 690 GHz data (Bourke et al., in prep.). The weather
was optimal for the 690 GHz observations with 725 gy, better
than 0.03. The excellent weather conditions and the dual receiver
option naturally provides a possibility for very high quality ob-
servations at the lower frequencies. The overall flux calibration
is estimated to be 30%. The phase center for the observations,
(@, 0)j0000 = (16:32:22.9, —24:28:35.5), is located about 1” to
the north from the “A” component of the IRAS 16293-2422 bi-
nary. The synthesized beam was 5.5 x 3.2”, which corresponds
to 800 x 500 AU at 160 pc. The SMA correlator was set up with
uniform coverage of the 2 GHz bandwidth with 128 channels
for each of the 24 chunks, corresponding to a spectral resolution
of 1.1 km s~'. The RMS was 60 mJy beam™! channel ™.

The initial data reduction was performed using the MIR
package (Qi 2006). The complex gains were calibrated by
frequent observations of the quasar J1743-038 (3.0 Jy) offset
by 27 degrees from IRAS 16293-2422. Flux and band-pass cali-
bration was performed by observations of Uranus. Continuum
subtracted line maps and further analysis were subsequently
made using the Miriad package.

2.2. Maps and spectra

Figure 1 displays the maps and selected spectra toward the “A”
and “B” components of IRAS 16923-2422, whereas the spec-
tra of additional lines are shown in Figs. 1, 3, 4 and the online
Appendix A in Figs. A.1-A.4 (see also Tables 1 and 2). The line
identifications are based on comparison with the CDMS3, JPL*

3 http://www.astro.uni-koeln.de/cdms/
4 http://spec. jpl.nasa.gov/ftp/pub/catalog/catform.
html

and NIST? catalogs. The assignments are assumed to be secure
when no other species emits close to the observed frequency.
Note that for CH3CHO the frequencies from the NIST catalog
have been used, because the data in the JPL catalog are based
on extrapolations of the line positions from lower frequencies.
These are shifted by a few MHz or more from the actual mea-
sured line positions in the laboratory by Kleiner et al. (1996).

From Fig. 1 it is clear that significant physical differences
exist between the regions where the emission from these two
sources arises. As previously noted by Bottinelli et al. (2004b)
and Kuan et al. (2004) the spectra toward “A” show broad lines
with a FWHM of 8 km s~!, whereas the lines toward “B” are
much narrower, typically less than 2 km s~' wide (~2 chan-
nels). The high excitation lines of the complex organics peak
at Visg = 1.5-2.5 km s™! toward both sources. This is in con-
trast to the systemic velocities of the larger scale envelope, e.g.,
traced by HCN, at 3—4.5 km s7! (Takakuwa et al. 2007). The
maps displayed in Fig. 1 are obtained by integrating over the
width of the “B” component. Since the line-width in source “A”
is much larger and the peak intensity is much lower than that of
source “B”, only a fraction of the total flux of the CH,CO line in
source “A” is shown in the maps in Fig. 1 (see also Table 2).
When the CH,CO line is integrated over the line-width from
source “A” of 8 km s~! equally strong peaks for both sources are
detected as is illustrated in Fig. 2, where the maps for CH,CO
are shown integrated over both velocity ranges.

HNCO and CH3;CN show much weaker emission at the “B”
position, i.e., 8% and 18% respectively of that at the “A” position
whereas CH3;CHO is only seen toward the “B” position. Tables 1
and 2 list the integrated line intensities for positions “A” and “B”’.
When there is no detection, 30~ upper limits to the intensity
are given provided that there is no overlap with other species.
Lines of isotopologues were also searched to check the optical
depth. No HN'3CO lines were detected leading to a lower limit
for HNCO/HN!3CO of about 10. Since even high-mass objects
show no evidence for high optical depth (Zinchenko et al. 2000;
Bisschop et al. 2007b), we assume for the remainder of this pa-
per that the emission from HNCO is optically thin. CH;3 CNis
clearly detected toward source “B” as is shown in Fig. 3 for
the CH?CN branch. The CH?CN transitions (see Fig. 3) are
strongly blended in source “A”. However, it is probable that it
is present since there is emission toward source “A” that coin-
cides with the locations of the CH?CN transitions. Due to the

5 http://physics.nist.gov/cgi-bin/micro/table5/start.
pl
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Fig. 1. Maps and spectra of the HNCO 100’10—909, CH;CN 120—110, C2H5OH 13]’13—120’12, CH2CO 111,] 1 —101,]0 and CH}CHO 125,8/7,0_115,7/6,0
lines from —15—20 km s~'. The maps (upper panels) show the emission integrated over the width of the “B” component i.e. +1.0~1.5 km s~
around the systemic velocity. The contour levels are at 10%, 20%, etc. of the peak in the maps. The peak integrated intensities are 10.3, 3.5, 1.0, 3.2,
2.7 Jy km s~! for HNCO, CH;CN, C,HsOH, CH,CO and CH3CHO, respectively. The size of the SMA beam is indicated in the lower left corner
of the HNCO map for comparison. In the spectra (lower panels) the lower row indicates the spectra toward “A” and the upper row toward “B”
shifted in the vertical scale by 4 Jy beam™'. A dotted vertical line at vsg = 2 km s~ indicates the average systemic velocity for the compact
emission toward “A” and “B”. The additional emission feature present at 8 km s~! next to CH3;CN 12y—11, is the CH;CN 12,—11; transition and
that next to CH,CO 11,10, 0 is the HCOOCHj; 17,5—164, transition. Note that small velocity differences are present between the sources

and perhaps even between different species. Solid and dashed horizontal lines indicate the baseline and the 30 level per channel, respectively.

line-blends, it is unfortunately not possible to determine accurate
integrated line-intensities for source “A”. For source “B”, how-
ever, they can be determined. The CH;CN/CH}*CN ratio is ~10
with a relatively large uncertainty on the fluxes of 40% due to the
low signal-to-noise. The CH3CN/CH§3CN ratio is much lower
than the '2C/'3C ratio of 77 + 7 determined by Wilson & Rood
(1994) for the local ISM and the estimated optical depth is =2.
The CH3CN emission for “A” is probably optically thick as well.
A high optical depth toward IRAS 16293-2422 for CH3CN was
also found by Bottinelli et al. (2004b). Note that for high opti-
cal depth the rotation temperature and number of molecules de-
rived from the rotation diagram will be upper and lower limits,
respectively.

The C,HsOH 13 3—12¢, transition is detected toward
source “B” shown in Figs. 3 and 4. It is strongly blended with the
CH}’CN 123-113 transition at 220.600 GHz, and for source “A”
also with the CH3CN 12¢—11¢ transition at 220.594 GHz. This
makes the estimate of the number of molecules from this line
very uncertain, even though it is detected and the identification
of the line seems secure for source “B”.

3. Analysis

3.1. Disentangling compact and extended emission: fits
in the (u, v)-plane

One of the issues in dealing with interferometric observations of
protostars is that a significant fraction of the emission may be re-
solved out, especially for low excitation transitions of molecules
also present in the large scale cold envelopes. Furthermore, fits in
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Fig. 2. Maps for the CH,CO 11, ;,—10; 19 line integrated over the width
of the “A” component of +4 km s™! (leff) and “B” component of
+1-1.5 km s™! (right) around the systemic velocity. The size of the
SMA beam is shown in the map of the “B” component for comparison.

the image plane suffer from the effects of the Fourier transforma-
tion and image deconvolution, in particular for sparsely sampled
data.

We have analyzed the data directly in the (i, v)-plane of the
interferometric observations to investigate the molecular emis-
sion as function of baseline length, where longer baselines cor-
respond to more compact emission, and compared this to the
single dish flux measured by the JCMT. Figure 5 illustrates this
for the lowest excitation HNCO 10g,10—9 ¢ line at 219.798 GHz
(Ey = 58 K). These observations show a break around 15 kA
(2000 AU) with an almost constant amplitude at longer base-
lines, implying that there is an additional compact (unresolved)
component contributing to the emission. This break is consistent
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Fig.3. SMA spectrum in the 220.580-220.66 GHz range for
sources “A” (lower spectrum) and “B” (upper spectrum). The dotted
lines indicate from left to right the positions of the 12;—113, 12,—11,,
12;—11; and 12p—119 CH}*CN transitions and the dashed lines the po-
sitions of lines for other species, in particular the 10,9-9;3 HNCO,
126_1 16 and 125 -1 15 CH3CN and 1 31’13 -1 20’12 C2H5OH transitions.
The frequency range shown in more detail in Fig. 4 is indicated with a
bar above the spectrum of source “A”. Note that the x-axis here is given
in GHz and in Fig. 4 inkm s~!, so that the spectra are reversed compared
to each other. The horizontal dotted lines show the baseline.

with the analysis of single dish data by Schaier et al. (2002),
which gives an abundance enhancement in the innermost enve-
lope. For shorter baselines the flux increases and the single dish
flux with the JCMT is recovered within the uncertainty. When
the analysis is restricted to the longer baselines, the emission
can be compared for compact emission exclusively without wor-
rying about the presence of extended envelope material. For all
other lines and species the point source fits are therefore made
to baselines longer than 17 kA integrated over the velocity range
of each component. This results in the fluxes listed in Tables 1
and 2. For the HNCO 10¢,10—90, transition, about a third of the
flux is observed at the longest baselines, due to compact emis-
sion, whereas the remaining two thirds can be attributed to the
extended cold envelope. This is the only species, however, where
a significant increase is seen for shorter baselines. Thus, most of
the emission from the remaining species is unresolved although
colder extended material is not excluded (see Sect. 4).

3.2. Rotational diagrams

When multiple transitions of a given molecule are observed
spanning a large range in excitation energies it is possible to
infer the physical properties of the emitting gas under various
assumptions. The rotational diagram method (e.g., Goldsmith
& Langer 1999) is often used for molecules of different exci-
tation energies. Under the assumption that the emitting gas is
optically thin a straightforward relationship exists between the
integrated intensities, the column density of the molecule and
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Fig. 5. Visibility amplitudes of the emission for the HNCO 1000—9.
transition at 219.798 GHz observed with the SMA as a function of the
projected interferometric baseline length with the phase center taken at
1” north of the “A” component. The large filled circle near 35 km s~!
indicates the flux detected for the same line with the JCMT. The solid
line represents a fit to the flux at different baselines using the Schoier
et al. (2002) model and assuming a “jump” in the abundance for HNCO
at 90 K. The dashed line corresponds to the average visibility amplitude
for baselines longer than 17 kA. The histogram gives the expected am-
plitude for zero observed signal, i.e., in the absence of source emission.

its so-called “rotational temperature”. At high densities this will
approach the kinetic temperature of the gas.

For single-dish observations one typically assumes that the
source is compact with respect to the beam and that a specific
beam filling factor (or source size) applies as a correction to the
observed intensities. For the interferometric observations pre-
sented here we know that the source is unresolved at a specific
angular resolution. It is therefore more natural to work directly
in units of flux densities, so that the analysis is independent of
an unknown source size. For an optically thin source, ignoring


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809673&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809673&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809673&pdf_id=5

964

S. E. Bisschop et al.: Small scale organic chemistry in IRAS 16293-2422

Table 3. Rotational temperature, T}, total number of molecules, Y, and abundance with respect to HNCO, xpnco.

Molecule Source “A” Source “B”
Trot qu XHNCO Trnt qu XHNCO
(K) (mol.) (K) (mol.)
HNCO 277+76 8.9(14) 1.0 237456 7.5(13) 1.0
CH;CN? <372+£110 >5.6(14) >0.6 <390+99 1.1(15)° 14
CH?CN - - - 261+485 1.4(13)¢ 0.19
CH,CO¢ 5.6(14) 0.6 - 4.7(14) 6.3
CH;CHO - <2.2(13)¢  <0.02¢ 250+49 3.2(14) 4.3
C,Hs;OH? - - - 7.1(14) 9.5

@ The notation y(z) stands for y x10%. * T, for CH;CN in both sources is calculated assuming the main isotope is optically thin, and is therefore
an upper limit (see Sect. 3.2), whereas Yt is a lower limit. ¢ Y1 for CH;CN and CH?CN in source “B” has been determined from the CH?CN
lines assuming a '2C/"3C ratio of 77 (Wilson & Rood 1994). ¢ Yy for CH,CO and C,HsOH in source “B” are derived assuming they have the
same rotational temperature as CH;CHO (see Table 2). ¢ The upper limit is derived for CH;CHO toward source “A” with the assumption that the

rotational temperature is identical to that in source “B”.
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Fig. 6. Rotational diagram for HNCO transitions detected with the SMA shown as filled squares (m) toward sources “A” (left panel) and “B” (right
panel). Emission lines detected with the single dish telescopes JCMT and CSO by van Dishoeck et al. (1995) are indicated with open squares (O),
but are not used for the fit. Uncertainties of 30% are over-plotted on the data.

background radiation, the source brightness at a specific fre-
quency, I, is then given by:

thin
I, = w (1)
4rAV
where A, is the Einstein coefficient, N the column density of
molecules in the upper energy level and AV the emission line-
width. Assuming the source emits uniformly over a solid an-
gle, Q, we can also express the column density N'"" as the to-
tal number of molecules, Y = NhinQ) Since the definition of
brightness of a uniform source is 7, = S, /Q where §, is the flux
density, we can write:

_ Aul Ylllhin he

v = 2
4rAV 2)

Note that in contrast to the typical calculation for rotational di-
agrams, the source size does not enter the equation here — only
the total number of molecules. The observed quantity from this
expression is the integrated line intensity, S, AV, typically mea-
sured in Jy km s~!.

From this expression it is straightforward to isolate the
number of molecules in the energy level, YM" and through
the Boltzmann equation relate it to the total number of
molecules, Yrt:

Wt g,
Ju O(Tyo) ’

3)

where g, is the degeneracy of the upper energy level, Q the
molecular partition function, Ty, the rotational temperature
and E, the energy of the upper energy level. As in the usual rota-
tional diagram analysis, one can then plot Y!"i" /g, versus E,, and
derive the rotational temperature, T}, from the slope and the to-
tal number of molecules, Y1, from the interpolation to E, = 0 K.
Column densities can be derived for interferometric observations
but as for the single-dish observations an assumption for source
size has to be made.

In this way rotational diagrams were fit for all molecules
with a sufficient number of detected lines. The results are sum-
marized in Table 3. For some species no rotational temperature
could be determined, since too few lines were detected. In that
case Yt is derived assuming that these species have the same
rotational temperature as other chemically related species in the
same source. In Sect. 4 we discuss these results in detail for each
molecule.

4. Results
4.1. HNCO and CH3;CN

The rotational diagrams for HNCO are shown in Fig. 6 and
the resulting T, and Y1 are given in Table 3 for sources “A”
and “B”. For source “A” the available single dish fluxes from
the literature by van Dishoeck et al. (1995) have been over-
plotted, but have not been used for the fit. The single dish cov-
ers both components, but because the flux from source “A” is
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Fig. 7. Rotational diagram for CH3CN transitions detected with the SMA shown as filled squares (m) toward IRAS 16293-2422 for source “A”
(left panel) and source “B” (right panel). Emission lines detected with the JCMT observations by van Dishoeck et al. (1995) and the IRAM 30 m
observations by Cazaux et al. (2003) are shown for source “A” with open squares (O). Emission lines detected by Bottinelli et al. (2004b) with
the Plateau de Bure interferometer are shown for both sources with open triangles (A). Only the SMA data studied here is used for the fits.

Uncertainties of 30% are over-plotted on the data.

significantly stronger than “B” (see Sect. 2.2), we assume that
the single dish flux arises from source “A”. The single dish fluxes
are slightly larger than the fluxes from the SMA, also when the
additional flux from the “B” source is taken into account. The
rotational temperatures are the same for source “A” and “B”,
277 + 76 and 237 + 56 K respectively, and much higher than
what is detected by van Dishoeck et al. (1995) of 135 + 40 K.
This discrepancy is due to the fact that van Dishoeck et al. (1995)
included lines in their fit which have rotational temperatures of
only up to ~130 K, which results in a lower rotational tempera-
ture. Additionally, it is possible that extra flux in the single dish
observations is due to extended emission from the larger scale
envelope (see Sect. 3.1). The lines detected here range from 58 K
to 447 K and have stronger constraints on the rotational temper-
ature of compact HNCO emission. It is important to note that
IRAS 16293-2422 emits at mid-infrared wavelengths (Jgrgensen
et al. 2005c), and thus infrared pumping of HNCO is possi-
ble. In that case the rotational temperature of HNCO is higher
than the gas kinetic temperature — and thus than rotational tem-
peratures determined for other molecules. When the model by
Schoier et al. (2002) is used to fit the (u, v)-plot (see Fig. 5), the
abundance of HNCO with respect to H, can be determined for
the outer and inner envelope to be 6.0 x 10~!! and 4.0 x 107~°
assuming there is a jump in the abundance at 90 K. The inner
abundance is somewhat uncertain, because the exact source size
for the compact emission is not known.

For CH3CN rotational diagrams are constructed for both
sources (see Fig. 7). Less lines are usable for source “A” due
to the larger line-width and line-blending. The single dish detec-
tions by van Dishoeck et al. (1995) and Cazaux et al. (2003) are
over-plotted on the data for source “A” and are consistent with
the SMA data within the uncertainties. For both sources the in-
terferometric observations by Bottinelli et al. (2004b) with the
Plateau de Bure interferometer have been over-plotted. These
are also consistent with the SMA data, except for the 65—5;
transition at 110.329 GHz with E, = 197 K which is clearly
too high for source “B”. This may be due to line blending with
the CH;3CN 60—50 transition, which has a larger line strength
than the main isotope. It is thus plausible that it contributes sig-
nificantly to the line-flux. The resulting rotational temperatures
are the same within the uncertainties for sources “A” and “B”
(see Table 3). The transitions of the isotopomer CH;3CN are
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13
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Y / g (molecules)
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107

Fig. 8. Rotational diagram for CH}*CN emission detected with the SMA
toward source IRAS 16293-2422B shown as filled squares (m) and high
excitation lines of the main isotope CH3CN corrected for the '2C/13C
isotopic ratio are shown as open squares (O0). Uncertainties are over-
plotted on the data.

unfortunately strongly blended in source “A” so that the determi-
nation of the optical depth is not possible. From the detections of
lines for CH;3CN for source “B” it is clear that the emission is
optically thick and therefore that the resulting 7T and Y7 from
the rotational diagram of the main isotope are over- and under-
estimated, respectively (see Sect. 2.2). A rotational diagram has
been constructed for source “B” from the four CH;3 CN lines and
is shown in Fig. 8. The results of this fit are not well constrained
because they are relatively close in excitation energy. However,
the line intensities of the two highest excitation CH3CN transi-
tions, which are likely optically thin, can be added. When they
are corrected for the '>C/!3C isotopic ratio of 77 Wilson & Rood
(1994), they are consistent with the fit and thereby decrease the
uncertainty from 261 + 485 K to 221+51 K (see Fig. 8). Using
the value of T,,, = 261 K we can derive a number of molecules
for CH3CN for source B (see Table 3). For CH3CN no extended
emission can be inferred from the (u,v)-data. The lowest de-
tected emission line has £, = 69 K in our SMA data. Hence
we cannot exclude the presence of extended emission for lines
with even lower excitation energies.
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4.2. CH»,CO, CH3CHO and C>HsOH

CH,CO has previously been detected by van Dishoeck et al.
(1995) who found only very weak lines with the JCMT and CSO.
Their derived rotational temperature is 35 K and column den-
sity 4 X 10'3 cm~2. Furthermore, Kuan et al. (2004) detected the
CH,CO 17,,15—16,,14 transition at 343.694 GHz (E, = 200 K)
only toward source “B”, suggesting that hot CH,CO is also
present. The 11, ;;—10; o transition (£, = 76 K) detected here
has a similar strength in both sources. A comparison with the
single dish fluxes from van Dishoeck et al. (1995) shows that
the SMA flux is lower by about a factor of 2. This may indicate
that large scale emission from CH,CO is resolved out with the
SMA, consistent with the low rotational temperatures found in
single-dish data (van Dishoeck et al. 1995). Unfortunately, it is
difficult to derive the presence of extended emission from the
(u, v)-visibility plots for the SMA observations, because the line
strengths in sources “A” and “B” are so similar. Future higher
angular resolution observations are needed to resolve this issue.
Since only one line is detected for both CH,CO and C,HsOH, it
is not possible to determine rotational temperatures. Y1 can how-
ever be estimated when one assumes that CH,CO and C;HsOH
have the same rotational temperature as CH;CHO.

Figure 9 shows the rotational diagram of the CH3;CHO lines
detected with the SMA and the resulting values for T}y, Y1 and
the abundance xgnco with respect to HNCO are given in Table 3.
Both CH3CHO-A and CH3CHO-E lines have been included in
the fit with the assumption that their abundance ratio is unity and
they both trace the same temperature gas. However, the result is
not strongly influenced by this assumption since the fit to both
CH3;CHO-A and E lines is within the uncertainties identical to
the fit obtained to CH3;CHO-A lines only. The single dish data by
Cazaux et al. (2003) are over-plotted on the rotational diagram
but are not used for the fit. They are consistent with the SMA
fluxes for E, > 50 K. The rotational temperature calculated from
the SMA datais 281+47 K. Cazaux et al. (2003) find a rotational
temperature of <40 K, and furthermore their lower excitation
lines lie significantly above the fit to the rotational diagram. This
implies that the emission with E, < 30 K originates from cold
extended material. This is also consistent with interferometric
observations of CH3CHO in the high-mass star forming region
Sgr B2(N) (Liu 2005), where the CH3;CHO emission is largely
extended. The limit to the CH;CHO/CH3;OH abundance ratio in
source “A” is an order of magnitude lower than the detection in
source “B”, resulting both from a lower CH3;CHO and a higher
CH30H column.

Previously, van Dishoeck et al. (1995) suggested that
C,H50H could be present in the spectra of this source, but
were not able to make a firm identification based on strong line-
blends. Huang et al. (2005) made the first conclusive detection
of compact emission for C;HsOH toward source “A” for the
203,17—193 16 transition at 354.757 GHz with E, = 249 K. The
detection here seems secure, but is blended with other lines (see
Sect. 2.2). The previous detection by Huang et al. (2005) gives
additional weight to the assignment of C,HsOH.

The emission of CH,CO, CH3CHO and C,HsOH behaves
spatially very differently, also with respect to HNCO and
CH;3CN. CH,CO has emission that is similar in strength for
sources “A” and “B” and for C,HsOH this also appears to be
the case even though due to line blending it is not possible
to determine this with certainty. However, the limit on Yt for
CH;CHO is an order of magnitude lower than the detection to-
ward source “B”. The emission from CH,CO and C,HsOH may
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Fig. 9. Rotational diagram for CH;CHO emission detected with the
SMA toward source IRAS 16293-2422B shown as filled squares (m).
The IRAM 30 m single dish data by Cazaux et al. (2003) are shown as
open squares (O), but are not used for the fit. Uncertainties of 30% are
over-plotted on the data.

arise from similar regions, but more transitions are required for
a determination of the rotational temperatures.

5. Discussion

In this section the chemical implications of the observations
are discussed. To compare the abundances of the species stud-
ied here with other sources, they are determined relative to the
CH3OH observations by Kuan et al. (2004) with the SMA (see
Table 4). The value of Yt has been calculated for CH;OH from
the integrated flux given by Kuan et al. (2004) assuming that
the emission comes from a compact region with an average
temperature of 200 K, a typical value found for the species in
this study. The abundances are presented for individual com-
ponents and the sum of “A + B” from the SMA data as well
as previously published single dish results for IRAS 16293-
2422 (van Dishoeck et al. 1995), the high-mass Orion hot core
(Sutton et al. 1985) and the average over a survey of seven
high-mass YSOs (Bisschop et al. 2007b). CH3OH is taken as
a reference 