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Abstract

Context What factors influence the formation of multiple protostellar systems? Sim-
ulations suggest radiative feedback resulting in gas heating is a key factor in the
formation of multiple protostellar systems. Chemistry is a good tracer of the physi-
cal structure of a protostellar system, since it depends on the temperature structure.

Aims Study the relationship of multiplicity to envelope gas temperature.
Methods Single dish observations of various molecules that trace the warm and

cold gas are used to probe the temperature structure of multiple and single proto-
stellar systems.

Results Single, close binary and wide multiples present similar current envelope
gas temperatures, as estimated from H2CO and DCO+ line ratios. The temperature
of the outflow cavity, traced by c−C3H2, on the other hand, shows a relation with
bolometric luminosity and anti-correlation with envelope mass. Although the enve-
lope gas temperatures are similar for all objects surveyed, wide multiples do exhibit
a massive reservoir of cold gas compared to close binary and single protostars.

Conclusions Although the sample of protostellar systems is small, no relation-
ship between multiplicity and envelope gas temperature is found. The results sug-
gest that temperature has little impact on fragmentation, and propose that mass,
and density, may instead be key factors in fragmentation.

145



146 6.1. INTRODUCTION

6.1 Introduction

Multiple protostellar systems are widely thought to be formed through fragmentation
of the cloud core and/or disk. This process is expected to occur either induced by
turbulence (Offner et al. 2010) or through instabilities in the disk that can lead to
fragmentation of the disk material (Stamatellos & Whitworth 2009a; Kratter et al.
2010). Each mechanism is proposed to produce multiple protostellar systems with
different separations between the components. Turbulent fragmentation predicts the
initial formation of wide companions, whereas disk fragmentation can produce close
companions, on scales of the disk radius. When these processes occur, upon initial
collapse or after one component has formed, can also alter the resulting multiple
protostellar system and its evolution. Aiming to understand how and when multiple
protostellar systems are formed, the factors that influence fragmentation must be
studied.

Radiative feedback and gas heating have been raised as key factors in the fragmen-
tation of protostellar cores (Krumholz 2006; Bate 2012; Krumholz et al. 2014). Simu-
lations and models show that fragmentation is halted by heated gas due to the increase
in the Jeans mass for collapse. An accreting protostar heats up its surrounding gas,
even as early as the first collapse of the core. Thus it is expected that fragmentation
can be considerably suppressed even before the protostellar object forms. Numerical
simulations show that as stars begin to form they can heat surrounding gas out to
a few thousand AU, with the gas being continuously heated out to larger expanses
as more objects form (Bate 2012). This is expected to considerably reduce fragmen-
tation, and consequently the formation of multiple protostellar systems on envelope
scales (few thousand AU).

Observations of early low-mass embedded protostellar systems, however, seem to
show a different picture. Construction of the SEDs of all known embedded protostel-
lar systems in the Perseus star forming region (d ∼ 230 pc, Hirota et al. 2011) found,
for separations larger than 7��, that higher order multiples have a tendency for one of
its components to be at a different evolutionary stage than the rest, i.e. non-coeval
systems (Murillo et al. 2016, see chapter 5). For these non-coeval systems to occur,
one of the components must have been formed after the other protostars were formed.
In contrast, objects undergoing accretion bursts, such as very low luminosity objects
(VeLLOs), show no cases of multiplicity (Hsieh et al. in prep.). This is puzzling
due to these objects having cold envelopes during the quiescent phase, which lasts on
the order of 103−4 yr which should be more conducive to fragmentation and collapse.
Furthermore, the recently fragmented circumbinary disk of the deeply embedded pro-
tostellar system L1448 N (Tobin et al. 2016a) suggests that instabilities could overcome
heating-suppressed fragmentation, since this disk is most certainly heated by both the
central binary and through accretion. Based on these observations, it is very likely
that other factors besides temperature can hinder or enhance fragmentation.

Relating the temperature structure and multiplicity of a protostellar system can
provide constraints on the temperature-fragmentation relation. Simulations including
radiative feedback would lead us to expect that single protostars and coeval binary
protostellar systems have cloud cores heated out to larger extents than higher order
multiples with non-coeval components. Thus, the temperature structure of protostel-
lar systems needs to be characterized in order to test these models. Because heating is
time-dependent and we cannot observe the temporal history of protostellar envelope
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heating, protostellar objects at different evolutionary stages and having recently un-
dergone processes such as accretion bursts and fragmentation need to be studied and
compared.

Molecular excitation and chemistry provides an excellent tool to probe the tem-
perature structure of a protostellar system. Using selected molecules that trace the
cold and warm gas (Murillo et al. 2015, Murillo et al. subm., see chapters 3 and 4),
it can be established how the gas heating is being distributed throughout the core.
Relating this to the multiplicity and coevality1 can then provide information on how
temperature affects fragmentation.

This work presents single-dish observations of embedded multiple and single proto-
stellar systems aiming to address the relation between temperature and fragmentation
at the envelope scale. Sections 6.2 and 6.3 describe the source sample, and the Ata-
cama Pathfinder EXperiment (APEX; Güsten et al. 2006) observations which probe
the structure of the envelope on scales of 7000 AU, respectively. Results and analysis of
the data obtained from the observations are given in sections 6.4 and 6.5, respectively.
Comparison between single and multiple protostellar systems is made in section 6.6,
considering evolutionary stage and whether they are located in a crowded or isolated
environment. The conclusions of this work are given in section 6.7, along with the
resulting insight on the temperature-fragmentation relation.

6.2 Source sample

The Perseus molecular cloud (d = 230 pc) large-scale structure has been well studied
in continuum (e.g. Enoch et al. 2009b) and together with molecular line emission
(e.g. Hatchell et al. 2005; Arce et al. 2010). The small scale structure of the region
has been studied through the characterization of individual systems (e.g. Kwon et al.
2006; Hirano & Liu 2014; Ching et al. 2016). Recently, Tobin et al. (2016b) conducted
an unbiased 8 mm survey of all protostars in Perseus down to 15 AU separation with
the Karl G. Jansky Very Large Array (VLA). Additionally, the evolutionary stage
of the protostars in the region have been characterized through the construction of
spectral energy distributions (SEDs) and the parameters derived from the SEDs in-
cluding Herschel Space Observatory PACS maps (Murillo et al. 2016, see chapter 5).
Comparing the evolutionary stages of components in multiple protostellar systems,
the coevality of these systems could be determined (Murillo et al. 2016, see chap-
ter 5). Further examination of coevality, core structure and protostar distribution was
done by Sadavoy & Stahler (2017), examining possible formation mechanisms. Disk
kinematics of close binaries (separation ≤500 AU) are probed with Atacama Large
Millimeter/submillimeter Array (ALMA) observations (Tobin et al. in prep.). The
region has also been characterized with single-dish observations which probe the large
scale structure, using both dust continuum and molecular line emission. In addition,
envelopes and outflows driven by protostars in Perseus have been studied both at scales
larger than 4000 AU (Davis et al. 2008; Curtis et al. 2010; Arce et al. 2010; Karska
et al. 2014; Mottram et al. 2017) and below 2000 AU (Plunkett et al. 2013; Lee et al.
2016). Together, previous work provides an extensive database of the protostars in
the Perseus molecular cloud.

1Coevality is here used as defined in Murillo et al. (2016, see chapter 5), which is the relative
evolutionary stages of components in a protostellar system.
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Figure 1: Herschel PACS stamps of the systems sampled in this work together with their
respective SEDs. For the RGB stamps, 70, 100 and 160 µm are shown in blue, green and red,
respectively. Each stamp spans a region of 80�� × 80��, except for NGC1333 IRAS5 whose
components have a very wide separation. Blue symbols represent the components of a system
and the positions of the APEX observations. Circles denote systems with additional unre-
solved multiplicity and diamonds indicating those without (known) additional multiplicity.
The SEDs are overlaid on the average SEDs from Enoch et al. (2009) for reference, with
early Class 0 (red), late Class 0, early Class I, late Class I and Class II (gray).
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Table 2: Detected molecular species

Molecule Transition Frequency Eup log10 Aij

GHz K
SO 55–44 215.22065 44.10 -3.92

DCO+ 3–2 216.11258 20.74 -2.62
c−C3H2 33,0–22,1 216.27876 19.47 -3.33

DCN 3–2 217.23863 20.85 -4.24
c−C3H2

a 6–5 217.82215 38.61 -3.23
c−C3H2 51,4–42,3 217.94005 35.42 -3.35
H2CO 30,3–20,2 218.22219 20.96 -3.55

CH3OH 42,2–31,2 218.44005 45.45 -4.33
H2CO 32,2–22,1 218.47563 68.09 -3.80
H2CO 32,1–22,0 218.76007 68.11 -3.80
C2H 4–3 J=9/2–7/2 F=5–4 349.33771 41.91 -3.88
C2H 4–3 J=9/2–7/2 F=4–3 349.33899 41.91 -3.89
C2H 4–3 J=7/2–5/2 F=4–3 349.39927 41.93 -3.90
C2H 4–3 J=7/2–5/2 F=3–2 349.40067 41.93 -3.92

H2CO 51,5–41,4 351.76864 62.45 -2.92
DCO+ 5–4 360.16978 51.86 -2.42
DCN 5–4 362.04575 52.12 -3.13
HNC 4–3 362.63030 43.51 -2.64
H2CO 50,5–40,4 362.73602 52.31 -2.86

Notes. (a) Contains both ortho- and para forms.
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A sample of 10 low-mass protostellar systems in Perseus were selected from the
work of Tobin et al. (2016b) and Murillo et al. (2016, see chapter 5). The sample
is listed in Table 1, along with coordinates, component separations, type of region
where they are located and the bolometric luminosity Lbol calculated from the SEDs.
Figure 1 shows Hersechel PACS mini-maps of the sample along with the constructed
SED from (Murillo et al. 2016, see chapter 5). Selected sources are young embedded
protostars in the Class 0 and I evolutionary stages. Both single and multiple proto-
stellar systems (i.e. binary and higher order multiples) are included, with the multiple
systems spanning a range of separations from ∼0.1�� to 46��. Thus, both close and
wide multiple protostellar systems are considered in this study. Finally, the sources
are located in both clustered (NGC1333) and non-clustered regions (L1448, L1455 and
B1). Selecting sources from both clustered and non-clustered regions (34 and 6 YSO
pc−2, respectively; Plunkett et al. 2013) allows to study if factors such as external
heating have an impact on the measure gas temperature.

This sample then allows the evolutionary stage, multiplicity, and region to be
compared with the envelope gas temperature. Since the temporal evolution of the
temperature structure of a protostar cannot be probed, protostellar sources in Class
0 and I evolutionary stages need to be compared, as well as singles and multiple
protostellar systems. Evolutionary classes are determined based on the shape of the
SED, derived parameters such as bolometric temperature Tbol, and the structure of the
system (e.g. envelope, outflow opening angle). Thus, the temperature-multiplicity-
age relation can be studied, which can in turn provide constraints to hydrodynamical
models with radiative feedback.

6.3 Observations

APEX observations of our source sample were carried out with the SHeFi Heterodyne
instrument in position switching mode. The APEX-1 band was used for observations
on 1 December 2016 with PWV ∼ 1.6 mm (O-098.F-9320B.2016, NL GTO time) using
one spectral setting with the central frequency set to 217.11258 GHz and a bandwidth
of 4 GHz. This setting targeted the molecules DCO+, DCN, c−C3H2 and H2CO.
In addition, SO and CH3OH were detected. Typical noise levels for the observations
ranged between 15 to 70 mK for a channel width of 0.4 km s−1 and a HPBW of
28.7��. The beam efficiency ηmb for observations at 230 GHz is 0.75. APEX-2 band
observations were carried out from 7 to 12 July 2017 with PWV between 0.37 and
1.5 mm (M-099.F-9516C-2017) using two spectral settings with central frequencies of
350.33746 and 361.16978 GHz, and bandwidth of 4 GHz. The molecules targeted were
C2H, DCO+, DCN and H2CO. HNC was also detected. Typical noise levels range
from 20 to 100 mK for a channel width of 0.4 km s−1, a HPBW of 18 �� and ηmb =
0.73. For both bands, calibration uncertainties are on the order of 20%. The molecules
targeted in these observations (Table 2) probe the cold and warm gas of the envelope
at scales of 7000 AU and temperature range of 20 to 100 K.

6.4 Results

The observed molecular lines trace the cold and warmer envelope gas of the systems
in our sample. For the multiple protostellar systems, single pointing observations for
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Figure 2: APEX single pointing observations of DCO+, DCN, SO, CH3OH and HNC. Ex-
cept for DCO+ and HNC, the spectra are multiplied by a factor of 3 to make the features more
prominent. The spectra for the wide multiple systems are averaged for all the components,
except for NGC1333 IRAS5. The vertical blue line marks the systemic velocity.
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Figure 3: Same as Fig. 2 but for c−C3H2, C2H and H2CO.
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each component were taken, however the beams of the observations (28 and 18��) are
comparable to the component separations and the spectra of the individual components
in a wide multiple system are very similar. As an example, the spectra of the individual
components for NGC1333 IRAS7 is shown in Appendix 6.A. Thus the spectra of
all three components in the wide multiple systems are averaged together, except for
NGC1333 IRAS5 which has a separation of 45.7�� and is treated in this work as two
separate single protostars Per63 and Per52. The results of the averaged spectra are
discussed and analyzed in this work. Figures 2 and 3 show the resulting spectra for
all the systems in our sample. Observed line peaks are listed in Tables 3 to 8, while
the measured line widths and integrated fluxes can be found in Appendix 6.B.

HNC was detected toward all the systems in the sample (Fig. 2), however the other
observed molecules were not always detected. Three out of the five wide multiple
protostellar systems show detections with signal-to-noise (S/N) above 3 for a channel
width of 0.4 km s−1 in all targeted molecular lines. B1-b, also a wide multiple system,
shows above 3σ detections in all lines except H2CO 32,2–21,2, DCN 5–4 and C2H 4–3
J=7/2–5/2. SO and CH3OH were detected toward four wide multiple systems. IRAS5
Per63 has detections above 3σ only in DCO+ 3–2, H2CO 30,3–20,2 and H2CO 50,5–40,4.
In contrast, IRAS5 Per52 presents detections in DCO+ 3–2, c−C3H2 3–2 and 6–5, and
H2CO 30,3–20,2.

The close binary system NGC1333 IRAS 1 presents emission with S/N>3 in SO,
DCO+ 3–2, all transitions of the warm molecules c−C3H2 and C2H, as well as H2CO
30,3–20,2. In contrast, IRAS03282+3035 presents emission only in both transitions of
DCO+, DCN 3–2 and H2CO 30,3–20,2.

The single protostellar systems show little to no emission. NGC1333 SK1 presents
emission above 3σ in DCO+ 3–2, H2CO 30,3–20,2 and H2CO 50,5–40,4; while L1455-
Per25 shows only DCO+ 3–2 emission. The other single protostar, IRAS03271+3013,
presented no detection beyond HNC. This might be due to the protostar bieng a Class
I protostar, howver, NGC1333 IRAS 1 and both components of NGC1333 IRAS5 are
also Class I objects but show more line detections than IRAS03271+3013.

For all systems, DCO+ presents strong emission (Fig. 2), suggesting cold envelope
gas since DCO+ is a good cold gas tracer. The low-lying transition of H2CO is the
strongest among the five transitions (Fig. 3), with peaks a factor of ∼10 higher than
the higher-lying transitions. The peak intensities of c−C3H2 (Fig. 3), on the other
hand, vary by less than a factor of 3 among all three transitions. The different systemic
velocities of each region within Perseus are reflected in the observed spectra. For the
systems located in NGC1333, there is also a slight difference in the systemic velocity
among the sources located closer to the cluster center (NGC1333 SVS13, NGC1333
IRAS7 and NGC1333 IRAS5; vLSR = 8.0–8.5 km s−1) and those located in the outer
part of the cluster (NGC1333 IRAS1 and NGC1333 SK1; vLSR ∼ 7.3 km s−1).

The molecules CH3OH and SO trace shocks (Fig. 2), since CH3OH ice and sulfur
are sputtered off the grains back into the gas phase in shocked regions. DCO+ and
the low-lying transition of H2CO, 30,3–20,2, trace cold envelope gas. DCO+ is formed
from the reaction of H2D

+ + CO, with H2D
+ greatly enhanced at low temperatures.

Furthermore, the presence of strong H2CO in the low-lying transition but not in the
other higher-lying transitions would suggest that the envelope gas is cold and not
being currently heated. This is consistent toward all the observed systems. On the
other hand, DCN is a warm gas tracer and can be formed and fractionated through a
higher temperature route starting with CH2D

+. Similarly to DCN, the higher-lying



CHAPTER 6 155

transitions of H2CO also trace warm gas. c−C3H2 and C2H trace the warm irradiated
gas, most likely located along the outflow cavity.

6.5 Analysis
The observed molecular line emission is compared to system luminosity and envelope
mass in this section. Bolometric luminosity Lbol is obtained from the SEDs of the
observed sources, with Lbol for the wide multiple systems derived from the combined
SEDs (Murillo et al. 2016, see chapter 5). Envelope mass, listed in Table 9, is calcu-
lated from the 850µm flux and Lbol using the correction from Jørgensen et al. (2009)
expressed as:

Menv = 0.44M�

�
Lbol

1 L�

�−0.36 �
S850µm

1 Jy beam−1

�1.2 �
d

125 pc

�1.2

. (6.1)

The 850µm flux used in this work is measured from the COMPLETE survey map for
all of Perseus taken with JCMT using SCUBA (Kirk et al. 2006), which has a beam
of 15��. The flux was measured with a circular region of 28.7�� (HPBW of the APEX-1
observations) centered on each source. For the wide multiple systems, the total flux of
all 3 components is used. In addition, the observed line emission is comapred to the
ratio of envelope mass to Lbol (Menv/Lbol), listed in Table 9. This ratio gives insight
into the mass being heated by the central source. A protostar with a certain Lbol has
more to heat with a massive envelope than with a less massive one.

6.5.1 Cold and warm gas
Figure 4, 5 and 6 show the line peaks versus envelope mass, bolometric luminosity
Lbol and envelope mass to Lbol ratio Menv/Lbol. System type (wide multiple, close
binary and single protostar) are indicated in the plots with different symbols in order
to determine if there is any relation with respect to line emission or system parameters.
For systems with molecular line non-detections, the upper limits in the plots are placed
at 3σ. A linear fit to the data is used to identify trends in between the observed line
emission peaks and source parameters.

Peak intensities are compared with the envelope mass in Fig. 4. The peak intensities
of H2CO 30,3–20,2, both H2CO 5–4 transitions, and both transitions of DCO+ increase
with envelope mass. Wide multiple systems have larger envelope masses than the
close binaries and single protostars, with the exception of NGC1333 IRAS5, where
Per63 and Per52 have envelope masses comparable to single protostars. This can be
interpreted as wide multiple systems having massive reservoirs of cold gas compared
to close binaries and single protostellar systems. On the other hand, the warm gas
being traced by DCN and the two higher-lying transitions of H2CO 3–2 do not show
dependency on the envelope mass, degree of multiplicity or region type. Instead the
line peaks are practically constant with envelope mass. Methanol, SO and the three
transitions of c−C3H2 also do not show particular dependency on envelope mass either.

Figure 5 shows the observed line peak intensities compared with Lbol. The warm
molecules c−C3H2 and C2H appear to be associated with Lbol. Since these molecules
are generally formed in irradiated regions, the correlation between c−C3H2 and C2H
and Lbol can be explained by the outflow cavity being irradiated by the central pro-
tostar. Thus, the more luminous the central protostar, the deeper the outflow cavity
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Table 4: Peak antenna temperatures for SO, CH3OH and HNC

System SO 55–44 CH3OH 42,2–31,2 HNC 4–3
Tmb Noise S/N Tmb Noise S/N Tmb Noise S/N
mK mK mK mK mK mK

Wide multiples
L1448N 280 27 11 187 23 8 1219 24 51
SVS13 253 23 11 120 21 6 2070 26 81
Per63 . . . 35 . . . . . . 40 . . . 256 46 6
Per52 . . . 45 . . . . . . 39 . . . 667 40 17
IRAS7 600 23 26 187 23 8 1120 30 37
B1-b 627 21 29 187 23 8 490 24 20

Close binaries
IRAS1 147 39 4 . . . 39 . . . 1284 58 22

IRAS03282 . . . 67 . . . . . . 71 . . . 1030 44 23
Singles

IRAS03271 . . . 77 . . . . . . 60 . . . 324 47 7
Per25 . . . 75 . . . . . . 65 . . . 370 38 10
SK1 . . . 39 . . . . . . 40 . . . 611 46 13

Table 5: Peak antenna temperatures for c−C3H2

System 33,0–22,1 6—5 51,4–42,3
Tmb Noise S/N Tmb Noise S/N Tmb Noise S/N
mK mK mK mK mK mK

Wide multiples
L1448N 693 25 27 533 25 21 373 23 16
SVS13 440 23 19 507 19 27 293 23 13
Per63 . . . 47 . . . . . . 35 . . . . . . 40 . . .
Per52 320 40 8 121 36 3 . . . 35 . . .
IRAS7 267 24 11 213 24 9 200 20 10
B1-b 360 23 16 160 19 9 107 19 6

Close binaries
IRAS1 667 44 15 613 40 15 493 33 15

IRAS03282 . . . 68 . . . . . . 61 . . . . . . 55 . . .
Singles

IRAS03271 . . . 97 . . . . . . 61 . . . . . . 56 . . .
Per25 . . . 87 . . . . . . 69 . . . . . . 59 . . .
SK1 . . . 35 . . . . . . 47 . . . . . . 40 . . .
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Table 7: Peak antenna temperatures for H2CO 3–2

System 30,3–20,2 32,2–22,1 32,1–22,0
Tmb Noise Tmb Noise S/N Tmb Noise S/N
mK mK S/N mK mK mK mK

Wide multiples
L1448N 1520 23 67 132 24 6 109 23 5
SVS13 1520 27 57 147 20 7 132 21 6
Per63 253 37 7 . . . 40 ... . . . 32 ...
Per52 533 40 13 . . . 40 ... . . . 37 ...
IRAS7 1587 27 60 97 21 5 80 23 4
B1-b 1040 19 56 . . . 24 ... 84 19 5

Close binaries
IRAS1 573 36 16 . . . 45 ... . . . 41 ...

IRAS03282 320 60 5 . . . 73 ... . . . 61 ...
Singles

IRAS03271 . . . 69 ... . . . 64 ... . . . 107 ...
Per25 . . . 73 ... . . . 69 ... . . . 73 ...
SK1 880 43 21 . . . 35 ... . . . 41 ...

Table 8: Peak antenna temperatures for H2CO 5–4

System 51,5-41,4 50,5-40,4
Tmb Noise S/N Tmb Noise S/N
mK mK mK mK

Wide multiples
L1448N 595 21 28 758 40 19
SVS13 594 23 26 1130 27 41
Per63 . . . 55 . . . 82 29 3
Per52 . . . 40 . . . . . . 48 . . .
IRAS7 374 33 11 568 32 18
B1-b 127 19 7 252 25 10

Close binaries
IRAS1 230 57 4 423 41 10

IRAS03282 . . . 42 . . . . . . 92 . . .
Singles

IRAS03271 . . . 36 . . . . . . 90 . . .
Per25 . . . 28 . . . . . . 69 . . .
SK1 161 40 4 . . . 62 . . .
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Figure 4: Peak intensities of the observed molecular lines compared to the envelope mass
(M�) of each source. The dashed lines are linear fits to the data for the cases where a
correlation is found. Circles, diamonds and stars show single, close binary and wide multiple
protostellar systems, respectively. Note that the more massive envelopes show an increase in
the peak intensities of DCO+ and the low-lying transition of H2CO, which trace cold gas in
the envelope. Molecules tracing warm gas have similar peak intensities regardless of envelope
mass.
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Table 9: Source parameters

System 850µm flux Menv Lbol Menv / Lbol

Jy M� L� M� / L�
Wide multiples

L1448N 25.06 17.30 13.08 1.32
SVS13 15.34 4.31 121.07 0.04
Per63 0.61 0.45 1.38 0.33
Per52 0.02 0.02 0.12 0.15
IRAS7 10.97 7.37 8.92 0.83
B1-b 15.38 29.38 0.59 49.80

Close binaries
IRAS1 2.94 1.41 11.0 0.13

IRAS 03282 3.37 3.40 1.49 2.28
Singles

IRAS03271 1.05 0.82 1.62 0.50
Per25 1.13 1.03 1.09 0.94
SK1 0.59 0.55 0.71 0.77
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Figure 5: Peak intensities of the observed molecular lines compared to the bolometric
luminosity Lbol (L�) of each source. The dashed lines are linear fits to the data for the cases
where a correlation is found. Circles, diamonds and stars show single, close binary and wide
multiple protostellar systems, respectively. C2H and c−C3H2 show somewhat higher peak
intensities in sources with relatively higher luminosities.
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Figure 6: Peak intensities of the observed molecular lines compared to the envelope mass
to luminosity ratio of each source. Circles, diamonds and stars show single, close binary and
wide multiple protostellar systems, respectively.
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Figure 7: Calculated line ratios for c−C3H2 6–5 / 33,0–22,1 (left) and 51,4–42,3 / 33,0–22,1

(center), and H2CO 30,3–20,2 / 32,2–22,1. The black lines show the modelled ratios assuming
a column density of 1012 cm−2. Lines between the 0.4 and 1.0 ratios of c−C3H2, are spaced
evenly in steps of 0.2. The shaded area indicates the adopted H2 density for the temperature
calculations.

is irradiated and more c−C3H2 and C2H is produced. The two transitions of H2CO
5–4 and HNC also show relation to Lbol. The other molecules do not present any
correlation to bolometric luminosity, not even SO and CH3OH which are expected to
trace shocks, or the higher transitions of H2CO 3–2 which tracer warmer gas.

Figure 6 presents the peak line intensities compared with Menv/Lbol. There ap-
pears to be no relation between any of the observed molecular line peaks and Menv/Lbol.
This indicates that when the amount of mass being illuminated, and thus heated, by
the central protostellar system is taken into account, the observed protostellar systems
present similar molecular line intensities.

These results could be summarized as follows. The bulk of the cold envelope gas
is traced by DCO+ and H2CO 30,3–20,2 while the warm gas is traced by DCN and the
two higher-lying transitions of H2CO. c−C3H2 and C2H trace the warm irradiated
outflow cavity, rather than envelope material.
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Figure 8: Calculated molecular line ratios of c−C3H2 (top row), H2CO (middle row) and
DCO+ (bottom row) compared to the source parameters bolometric luminosity Lbol (left
column), envelope mass Menv (middle column) and the envelope mass to luminosity ratio
(right column). The dashed lines in the top row are linear fits to the data. Circles, diamonds
and stars show single, close binary and wide multiple protostellar systems, respectively. The
c−C3H2 ratios appear to be somewhat related to luminosity, whereas the ratios from H2CO
and DCO+ are constant regardless of source parameter.
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Figure 9: Kinetic temperature derived from c−C3H2 and H2CO ratios compared to the
source parameters bolometric luminosity Lbol (left column), envelope mass Menv (middle
column) and the envelope mass to luminosity ratio (right column). Dashed lines show the
best linear fit. Circles, diamonds and stars show single, close binary and wide multiple
protostellar systems, respectively.

6.5.2 Line ratios and implied physical conditions

Since several transitions of c−C3H2 and H2CO are present, as well as two transitions
of DCO+, we can probe the gas temperature structure. The ratio of DCN/DCO+ can
be used to compare the warm (DCN) and cold gas (DCO+) from the envelope. The
line ratios of c−C3H2, H2CO, DCO+ and DCN/DCO+ are listed in Table 10. While
two transitions of DCN were observed, ratios can only be obtained for half the systems,
of which three are upper limits. These ratios are thus also listed in Table 10 but not
further discussed. The variation of the c−C3H2, H2CO and DCO+ ratios with H2
density and temperature is shown in Fig. 7. Ratios are not calculated for the systems
with non-detections in both transitions used in the ratio (Tables 3, 5 and 7) and are
thus not considered in the following analysis (Table 10). Upper limits are given when
one of the transitions is a non-detection (Table 10), and are not considered for the
linear fits but are shown in the figures for reference.

Figure 8 compares the calculated ratios with envelope mass Menv, bolometric lumi-
nosity Lbol, and Menv/Lbol. With respect to Lbol, both ratios of c−C3H2 show good
correlation with luminosity. The H2CO and DCN/DCO+ ratios, on the other hand,
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do not. c−C3H2 is the only molecule which shows an anti-correlation with Menv/Lbol.
Kinetic temperature is derived from the c−C3H2, H2CO and DCO+ ratios, and

listed in Table 11. An H2 density nH2
of 105 cm−3, typical in the envelopes of embedded

protostellar objects on the scales of the beam, is considered for the c−C3H2 and H2CO
calculations. For DCO+, an H2 density of nH2

of 106 cm−3 is used, since this value has
been found in single dish observations toward other embedded protostars (Murillo et
al. subm.). A column density of 1012 cm−2 is adopted for the line ratio calculations,
ensuring that the lines are optically thin.

Both c−C3H2 ratios point to gas temperatures between 10 and 60 K (Fig. 9).
Considering nH2

= 106 cm−3, lowers the derived temperatures to a range between 8
and 30 K for both transitions. The obtained kinetic temperatures appear to have no
relation with the envelope mass, but in contrast, do seem to have a correlation with
Lbol, and an anti-correlation with the Menv/Lbol ratio (Fig. 9). This is consistent with
what is found when comparing the ratios with Lbol and Menv/Lbol (Fig. 8). These
results suggest that c−C3H2 is dependent on the central protostellar source luminosity
and the amount of surrounding gas (Fig. 9). This makes sense if it is considered that
c−C3H2 traces the outflow cavity, which is irradiated by the central protostar. At the
same time, however, higher temperatures are traced by c−C3H2 if the envelope mass
is lower, since less material needs to be heated than in the case of higher envelope
mass. The separation of the components in multiple systems or their coevality does
not show any effect on the temperature traced by the c−C3H2 ratio. While there is
no difference in temperature between close binaries and wide multiples, the effect of
multiplicity, on the other hand, cannot be fully determined, since none of the single
protostars in our sample present c−C3H2 detections.

Temperatures obtained from the H2CO ratio range between 20 and 60 K. Con-
sidering higher nH2

, alters the temperature by only a few degrees for ratios above 4,
otherwise the temperature stays mainly constant. In contrast to the kinetic temper-
atures obtained from the c−C3H2 ratio, temperatures derived from the H2CO ratio
show no relation with respect to either envelope mass, Lbol or Menv/Lbol (Fig. 9).
Similarly, DCO+ suggests temperatures between 10 to 45 K, showing no relation to
bolometric lumnosity, envelope mass or their ratio. In fact, temperatures derived from
the H2CO and DCO+ ratios seem to vary little with any source parameters. Sys-
tem type, region and evolutionary stage do not present any correlation either (Fig. 9).
Thus, all embedded protostars appear to have envelope gas with similar, and relatively
cold, temperatures regardless of their multiplicity.

6.5.3 Statistical analysis

In order to determine if there is a relation between the observed line peaks and derived
quantities, and the source parameters, the Generalized Kendall’s rank correlation is
used (Isobe et al. 1986). This method measures the degree of association between two
quantities which contain upper limits (censored data), with the null hypothesis being
that the values are uncorrelated. Thus, if the significance level p > 0.05, the values are
uncorrelated, while p < 0.05 indicates correlated values. The standard normal score z
and the significance level p of the Generalized Kendall’s rank correlation are listed in
Table 12. The significance level is calculated from the standard normal score z by the
relation

p = 1− 0.5(1 + erf

� |z|√
2

�
) (6.2)
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Table 11: Derived Tkin from line ratios

System c−C3H2
a c−C3H2

a H2COa DCO+b

6–5/33,0–22,1 51,4–42,3/33,0–22,1 32,2–22,1/30,3–20,2 5–4/3–2
Tkin (K) Tkin (K) Tkin (K) Tkin (K)

Wide multiples
L1448N 19 ± 2 28 ± 3 32 ± 2 23 ± 2
SVS13 36 ± 5 44 ± 9 32 ± 1 28 ± 2
Per63 . . . . . . <150 <45
Per52 12 ± 2 <10 <60 <25
IRAS7 20 ± 3 63 ± 25 34 ± 2 19 ± 2
B1-b 12 ± 2 10 ± 7 <25 17 ± 2

Close binaries
IRAS1 25 ± 4 52 ± 15 <63 25 ± 2

IRAS03282 . . . . . . <180 <25
Singles

IRAS03271 . . . . . . . . . ...
Per25 . . . . . . . . . <25
SK1 . . . . . . <34 <13

Notes. (a) Assuming a H2 density of 105 cm−3 (b) Assuming a H2 density of 106 cm−3

where erf(x) is the error function.
The results show some interesting statistically significant correlations (Table 12).

The peak intensities of the molecules tracing cold gas, namely DCO+ and H2CO are
associated with source envelope mass, but not with luminosity. On the other hand,
the peak intensities of c−C3H2 and C2H, both tracers of warm gas, are correlated with
luminosity but not source envelope mass. The ratio of c−C3H2 shows correlations with
source luminosity, but not envelope mass. The kinetic temperature Tkin derived from
the H2CO shows a correlation with envelope mass, while Tkin derived from c−C3H2
presents a relation to luminosity.

6.6 Discussion

6.6.1 Observed line detections

The observations present a tendency for wide multiple protostellar systems (separa-
tions >7��) to have more molecular line detections with strong peak intensities than
close binaries (Fig. 10). In contrast, single protostars present very weak molecular line
emission. NGC1333 IRAS5, is considered as two separate systems, Per63 and Per52,
since the HPBW is smaller than the separation of the components.

There is no apparent relation between the bolometric luminosity Lbol and the
number of line detections (Fig. 10a). The systems L1448 N, NGC1333 IRAS7 and
NGC1333 SVS13, which have combined bolometric luminosities above 10 L�, show
strong detections of all the molecular species. NGC1333 IRAS1 also has a bolometric
luminosity of 11 L� but only five line detections. B1-b exhibits strong line detections
despite having a combined bolometric luminosity of less than 1 L�. The remaining
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Table 12: Results of the Generalized Kendall Correlation

Molecule Transition Mass Lbol Mass / Lbol

z p z p z p
Peaks

SO 55–44 3.12 0.00 0.94 0.17 1.25 0.11
DCO+ 3–2 2.88 0.00 0.54 0.29 1.32 0.09
c−C3H2 33,0–22,1 1.41 0.08 1.56 0.06 -0.62 0.27

DCN 3–2 2.33 0.01 1.85 0.03 0.89 0.19
c−C3H2 6–5 1.96 0.03 2.58 0.00 -0.08 0.47
c−C3H2 51,4–42,3 1.57 0.06 3.30 0.00 -0.63 0.26
H2CO 30,3–20,2 1.87 0.03 0.94 0.17 0.00 0.50

CH3OH 42,2–31,2 1.44 0.08 -0.08 0.47 2.62 0.00
H2CO 32,2–22,1 -0.39 0.35 1.02 0.15 -0.39 0.35
H2CO 32,1–22,0 -0.94 0.17 0.63 0.26 -0.79 0.22
C2H 4–3 J=9/2–7/2 1.63 0.05 3.35 0.00 -0.86 0.20

F=5–4
C2H 4–3 J=9/2–7/2 0.70 0.24 2.11 0.02 -0.86 0.19

F=4–3
C2H 4–3 J=7/2–5/2 0.62 0.27 2.34 0.01 -0.62 0.27

F=4–3
C2H 4–3 J=7/2–5/2 0.08 0.47 1.48 0.07 0.08 0.47

F=3–2
H2CO 51,5–41,4 1.27 0.10 2.22 0.01 -0.95 0.17
DCO+ 5–4 2.13 0.02 1.34 0.09 0.55 0.29
DCN 5–4 -1.67 0.05 -0.56 0.29 -1.04 0.15
HNC 4–3 1.48 0.07 1.95 0.03 -0.70 0.24
H2CO 50,5–40,4 2.50 0.01 3.12 0.00 0.00 0.50

Ratios
DCN/DCO+ 3–2 -1.63 0.05 -0.18 0.43 -1.45 0.07

DCO+ 5-4/3-2 -1.26 0.10 0.90 0.18 -1.44 0.08
c−C3H2 6–5/33,0–22,1 -0.56 0.29 2.07 0.02 -1.69 0.05
c−C3H2 51,4–42,3/33,0–22,1 -0.56 0.29 0.56 0.29 -0.94 0.17
H2CO 32,2–22,1/30,3–20,2 -1.88 0.03 -0.21 0.42 -0.63 0.27

Tkin from line ratios
DCO+ 5-4/3-2 -1.21 0.11 0.28 0.39 -1.39 0.08
c−C3H2 6–5 / 33,0–22,1 -0.56 0.29 2.07 0.02 -1.69 0.05
c−C3H2 51,4–42,3 / 33,0–22,1 -0.38 0.35 0.77 0.22 -0.77 0.22
H2CO 32,2–22,1 / 30,3–20,2 -1.9 0.03 -0.42 0.34 -0.63 0.26
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Figure 10: Bolometric luminosity (a), number of line detections (b), envelope mass Menv

(c), and envelope mass to luminosity ratio Menv / Lbol (d) of each system in our sample
compared to the region, clustered (circles) or non-clustered (diamonds), and source type.
NGC1333 IRAS5 is considered here as two single protostellar systems, Per63 and Per52.
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systems have luminosities compared to that of B1-b, but have five or less line detec-
tions.

Clustering does not seem to particularly enhance the line strength or number of
line detections in the envelope (Fig. 10). L1448 N and B1-b are both located in
non-clustered environments and present the same chemical richness as the multiple
protostars located in NGC1333, which is a clustered region. The same holds for the
close binaries and single protostars. NGC1333 IRAS 1 (close binary) and NGC1333
SK1 (single protostar), both located in a clustered region, do not show significant
enhancements in line emission compared to IRAS03282+3035 (close binary) and L1455
Per25 (single), both located in less crowded environments.

Both Class 0 and I systems are present in wide multiples, close binaries and sin-
gle protostellar systems, but no effect is seen on the line detections. For example,
NGC1333 IRAS5 Per52 and IRAS03271+3013 are both Class I single sources, but the
first shows five line detections, whereas the latter only shows a detection of HNC.
For the close binary systems, NGC1333 IRAS1 is a Class I system, but IRAS03282
is a Class 0 protobinary, however IRAS1 has more molecular line detections than
IRAS03282, despite IRAS1 having lower envelope mass than IRAS03282. All four
wide multiple systems are non-coeval, however the combined SED of these systems
would place them at either Class 0 (e.g. NGC1333 IRAS7) or Class I (e.g. B1-b;
Murillo et al. 2016, see chapter 5), but no difference in these cases is exhibited.

There seems to be a relation, however, between the envelope mass and the num-
ber of molecular line detections, but not with the Menv/Lbol. This relation is again
regardless of evolutionary stage and clustering. However, the envelope mass is larger
for wide multiple protostellar systems in contrast to that of close binary and single
protostars. Core mass would then be more related to formation of non-coeval wide
multiple protostellar systems.

6.6.2 Envelope gas temperature and multiplicity

The H2CO and DCO+ ratios point to cool envelopes (Tgas < 60 K at scales of 7000
AU) for all the sources in our sample, regardless of multiplicity, clustering and evo-
lutionary stage. Only c−C3H2 presents a correlation with bolometric luminosity and
an anti-correlation with Menv/Lbol, owing to the fact that the outflow cavity irradi-
ation is dependent on the central source luminosity and the amount of material that
is heated. Any non-detection of molecules such as c−C3H2 and H2CO, which trace
the outflow cavity and envelope gas, respectively, would point to cooler envelopes and
outflow cavities. In addition, DCO+, a cold gas tracer, is detected toward all but one
system (IRAS03271+3013, single). Non-detections of warm gas tracers in addition
to the presence of DCO+ toward single and close binary protostellar systems could
be explained by these systems being somewhat cooler than wide multiple protostellar
systems. Another possibility could be the evolutionary dispersal of envelope material
which would cause the warm gas to be located closer to the source and thus diluted
in the observing beam. Despite this, wide multiple protostellar systems show a ten-
dency toward non-coevality. Interestingly enough, H2CO 30,3–20,2 and DCO+ appear
to increase with an increase in envelope mass. In other words, H2CO 30,3–20,2 and
DCO+ present stronger emission in wide multiple protostars. This could indicate the
presence of massive reservoirs of cold gas in these systems.

External heating seems to not play a significant role, as evidenced by a lack of
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difference in all aspects between systems in clustered and non-clustered regions. How-
ever it is not clear why close binaries present less molecular line emission than wide
multiple protostars, given that some components of the latter are often close binaries
themselves (Fig. 1). A possible explanation would be the sensitivity of the observa-
tions. However, this would not explain why NGC1333 IRAS1 has more line detections
than NGC1333 IRAS5 Per63 when both have sensitivities of ∼30 mK. The results
presented in this work indicate that there is no significant difference in envelope tem-
perature between single, close binary and wide multiple protostellar systems. The
only difference temperature-wise arises from c−C3H2, which traces the outflow cavity.
This is consistent with previous studies that find the central source heating is mainly
channeled through the outflow cavity (Yıldız et al. 2012, 2015).

The lack of temperature difference in the envelope is surprising, given the tendency
of wide multiple systems to be non-coeval, which are produced by further fragmen-
tation of the core after the initial collapse has taken place (Murillo et al. 2016, see
chapter 5; Sadavoy & Stahler 2017), and the recent formation of a protostar would be
expected to heat the envelope considerably (Bate 2012) An interesting case is that of
L1448 N, which has been found to have undergone recent fragmentation in the disk of
one component (Tobin et al. 2016a). Although the recent fragmentation could have
heated the envelope of this system, increasing its chemical richness, it is not the most
likely explanation since the other wide multiple systems also show the same degree
of chemical richness but no signs of recent fragmentation. Furthermore, while the
presence of disks in close binary and single protostars could be considered to explain
the low chemical richness of these systems at the observed scales, disks have also been
found in wide multiple protostars (e.g. L1448 N, Tobin et al. 2016a)

6.6.3 Accretion bursts

Accretion of material onto the protostar is not a continuous process, but has been found
from observations to be an episodic process (e.g., Visser et al. 2015; Frimann et al.
2017, Hsieh et al. in prep.). An accretion burst causes an increase in luminosity, and
consequently heating of the envelope gas. The chemical composition of the envelope
gas is altered, since cold chemistry molecules (e.g. DCO+) move further out and
molecules such as CO are evaporated off the grains. While the luminosity of the
central protostar will decrease after the accretion burst has passed, it takes about 104

years for the gas to refreeze onto the dust grains.
Frimann et al. (2017) studied the presence of accretion bursts toward embedded

protostars in Perseus. Their sample includes four of the systems studied in this work
(L1448 N, NGC1333 SVS13, NGC1333 IRAS1 and IRAS03282), as well as two com-
ponents of NGC1333 IRAS7, Per18 and Per21. Half of these systems (Per21, IRAS1
and IRAS03282) present indications of past accretion burst activity, while the others
(L1448 N, SVS13 and Per18) do not. The results presented here do not show any dif-
ference among the sources that have evidence of having undergone an accretion burst,
and those that have not. NGC1333 IRAS1 and IRAS03282, both close binary proto-
stars, are suggested to have undergone an accretion burst. The difference found in this
work is mainly that IRAS1 presents emission from warm molecules, while IRAS03282
only shows emission in cold molecules. For L1448N and SVS13, both wide multiple
protostars, there is also no significant difference, since both systems present the same
number of line detections, with similar peak intensities except for DCO+ which is
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stronger in L1448N. Analyzing NGC1333 IRAS7 Per18 and Per21 (Appendix 6.A)
separately also points to a lack of difference among both sources. However, it must
be noted that given their separation of 13��, the spectra of each component is contam-
inated by emission from the other.

6.7 Conclusions

Single-dish observations of a sample of 10 embedded protostellar systems in Perseus are
presented here. The observations targeted molecular line emission that trace the cold
and warm gas of the observed protostellar systems. The sample included wide multiple
protostellar systems (separation ≥7��), close binary protostars (separation <2��) and
single protostars, located in clustered and non-clustered environments, spanning Class
0 and I objects, and containing coeval and non-coeval systems. The results presented in
this work examine the relation between fragmentation and temperature, since heated
gas is expected to suppress fragmentation based on simulations including radiative
feedback.

Although the sample presented here is small and there are several upper limits, the
envelope gas temperature is found to be similar among multiple and single protostars,
regardless of evolutionary stage, coevality or clustering. These results suggest that
gas temperature may not have as strong a role in suppressing fragmentation as ex-
pected from models, a result that was also stated in Offner et al. (2010), which found
that temperature does not suppress turbulent fragmentation. Instead, wide multiple
protostellar systems present larger envelope masses and massive cold gas reservoirs in
comparison to close binary and single protostars. It seems, then, that mass, along
with other factors such as turbulence, density profile and magnetic fields, rather than
envelope gas temperature plays a fundamental role in fragmentation. Larger, more
massive cores, would then lean to further fragmentation that forms non-coeval wide
multiple systems. A topic of further research would then be to determine what causes
some cores to become more massive than others.

Appendix

6.A Single-pointing observations: NGC1333 IRAS7

APEX single pointing observations with the heterodyne instrument APEX-1 were
made toward 5 wide (separation >7��) multiple protostellar systems in Perseus. These
systems are referred to as wide multiple protostars since the components span separa-
tions grater than 7�� (which can be resolved with Herschel Space Observatory PACS
photometric maps (Murillo et al. 2016, see chapter 5)) One pointing per component in
a wide multiple system was observed. In the main text are the parameters of the lines
obtained by averaging the spectra of the individual components for the corresponding
system. This is because in all cases except NGC1333 IRAS5, the beam of APEX at
215 GHz overlaps partially overlaps another component in the system.

Here the spectra for the individual components for the system NGC1333 IRAS7
are presented (Fig. 11). This provides an example of the similarity of the spectra of the
individual components. The spectra of the components Per21, which is expected to
have undergone a recent accretion burst, and Per18, which has no evidence of episodic
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Figure 11: Spectra for the individual components of NGC1333 IRAS7. Note that some
spectra are multiplied by a factor of 3 in order to enhance the line emission features. The
spectra of Per21 and Per49 are offset by 1.3 K and 2.6 K from that of Per18 for clarity.

accretion, can also be compared. It is also interesting to note that the component
Per49 presents much weaker emission than Per18 and Per21,

6.B Observed line widths and integrated fluxes
In this appendix the line widths and integrated fluxes are listed for the detected
molecular lines from the APEX observations. These values were obtained with a
simple Gaussian fit of the detected emission line.



CHAPTER 6 175

T
ab

le
13

:
L
in

e
w

id
th

an
d

in
te

gr
at

ed
in

te
ns

it
y

fo
r

D
C

O
+

an
d

D
C

N

Sy
st

em
D

C
O

+
3-

2
D

C
O

+
5-

4
D

C
N

3-
2

D
C

N
5-

4
W

id
th

In
te

gr
at

ed
W

id
th

In
te

gr
at

ed
W

id
th

In
te

gr
at

ed
W

id
th

In
te

gr
at

ed
km

s−
1

m
K

km
s−

1
km

s−
1

m
K

km
s−

1
km

s−
1

m
K

km
s−

1
km

s−
1

m
K

km
s−

1

W
id

e
m

ul
ti
pl

es
L1

44
8N

1.
13

37
86

.7
1.

04
89

5
1.

63
45

3.
3

1.
43

10
5

SV
S1

3
1

13
06

.7
1.

03
50

5
1.

18
37

3.
3

1.
82

19
9

P
er

63
0.

64
22

6.
7

...
...

...
...

...
...

P
er

52
0.

66
38

6.
7

...
...

...
...

...
...

IR
A

S7
0.

76
18

66
.7

0.
56

28
1

0.
8

26
6.

7
...

...
B

1-
b

1.
32

36
80

.0
0.

92
43

8
1.

05
28

0.
0

...
...

C
lo

se
bi

na
ri

es
IR

A
S1

0.
68

57
3.

3
...

...
...

...
...

...
IR

A
S0

32
82

0.
6

12
00

.0
0.

57
34

2
0.

82
17

3.
3

...
...

Si
ng

le
s

IR
A

S0
32

71
...

...
...

...
...

...
...

...
P
er

25
0.

4
20

0.
0

...
...

...
...

...
...

SK
1

0.
5

66
6.

7
...

...
...

...
...

...



176 6.B. OBSERVED LINE WIDTHS AND INTEGRATED FLUXES

Table 14: Line width and integrated intensity for SO, CH3OH and HNC

System SO 55 – 44 CH3OH 42,2–31,2 HNC 4-3
Width Integrated Width Integrated Width Integrated
km s−1 K km s−1 km s−1 K km s−1 km s−1 K km s−1

Wide multiples
L1448N 0.99 30.7 1.02 200.0 2.00 2592
SVS13 1.5 413.3 1.1 133.3 1.32 2898
Per63 . . . . . . . . . . . . 0.78 212
Per52 . . . . . . . . . . . . 0.81 573
IRAS7 0.74 480.0 0.82 160.0 0.90 1068
B1-b 0.85 573.3 0.8 160.0 1.34 699

Close binaries
IRAS1 1.4 266.7 . . . . . . 0.89 1212

IRAS03282 . . . . . . . . . . . . 0.84 917
Singles

IRAS03271 . . . . . . . . . . . . 1.03 357
Per25 . . . . . . . . . . . . 1.07 422
SK1 . . . . . . . . . . . . 0.70 457

Table 15: Line width and integrated intensity for c−C3H2

System 33,0–22,1 6—5 51,4–42,3
Width Integrated Width Integrated Width Integrated
km s−1 mK km s−1 km s−1 mK km s−1 km s−1 mK km s−1

Wide multiples
L1448N 1.56 1146.7 1.65 946.7 1.68 666.7
SVS13 0.99 453.3 1.1 586.7 1.3 400.0
Per 63 . . . . . . . . . . . . . . . . . .
Per 52 0.5 173.3 0.94 121.3 . . . . . .
IRAS7 0.7 200.0 0.97 226.7 0.59 121.3
B1-b 1.33 506.7 0.99 173.3 1.19 13.3

Close binaries
IRAS1 0.66 466.7 0.75 480.0 0.62 333.3

IRAS03282 . . . . . . . . . . . . . . . . . .
Singles

IRAS03271 . . . . . . . . . . . . . . . . . .
Per25 . . . . . . . . . . . . . . . . . .
SK1 . . . . . . . . . . . . . . . . . .
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Table 17: Line width and integrated intensity for H2CO 3–2

System 30,3–20,2 32,2–22,1 32,1–22,0
Width Integrated Width Integrated Width Integrated
km s−1 K km s−1 km s−1 K km s−1 km s−1 K km s−1

Wide multiples
L1448N 1.68 666.7 2.2 306.7 1.67 200.0
SVS13 1.45 2333.3 1.5 240.0 2 293.3
Per 63 1.32 360.0 . . . . . . . . . . . .
Per 52 0.76 400.0 . . . . . . . . . . . .
IRAS7 1.16 1946.7 1.3 133.3 1.3 116.0
B1-b 1.3 1453.3 . . . . . . 0.83 73.3

Close binaries
IRAS1 0.86 520.0 . . . . . . . . . . . .

IRAS03282 0.97 333.3 . . . . . . . . . . . .
Singles

IRAS03271 . . . . . . . . . . . . . . . . . .
Per25 . . . . . . . . . . . . . . . . . .
SK1 0.95 89.3 . . . . . . . . . . . .

Table 18: Line width and integrated intensity for H2CO 5–4

System 51,5-41,4 50,5-40,4
Width Integrated Width Integrated
km s−1 mK km s−1 km s−1 mK km s−1

Wide multiples
L1448N 2.00 1265 2.03 1639
SVS13 1.80 1136 1.38 1660
Per63 . . . . . . 3.49 303
Per52 . . . . . . . . . . . .
IRAS7 0.98 388 1.22 736
B1-b 1.92 260 2.52 677

Close binaries
IRAS1 2.19 535 1.08 489

IRAS03282 0.00 0 . . . . . .
Singles

IRAS03271 . . . . . . . . . . . .
Per25 . . . . . . . . . . . .
SK1 0.92 158 . . . . . .


