Chapter 5 ®)
IRAS 15398-3359 St

5.1 Introduction

In L1527, it has been demonstrated that the kinematic structures of the infalling-
rotating envelope and the outflow cavity wall are explained by the simple models
(Chap. 4). Especially, the discovery of the centrifugal barrier in an infalling-rotating
envelope and the chemical change across the centrifugal barrier provide us with
a completely new insight in disk formation study. It is now required to confirm
whether such kinematic and chemical structures are common in low-mass protostellar
sources. In this chapter, a similar analysis is conducted in another WCCC source
IRAS 15398—3359. While the structure of the outflow in L1527 has been analyzed
based on the analysis of its envelope, the results from the clear outflow components
in IRAS 15398—-3359 is utilized to investigate the envelope structure.

It is still unknown when and how disks are formed in the star formation process.
This is because that overwhelming emission from protostellar envelopes and outflows
generally make it difficult to identify possible disks in Class O sources. Even absence
of such a disk down to 45 au is claimed for the Class 0 protostar NGC 1333 IRAS 2A
[3, 13]. Since possible disk structures in Class 0 sources are expected to be compact,
high spatial-resolution and high sensitivity observations are indispensable to detect
them.

IRAS 15398—-3359 is alow-mass Class O protostar in the Lupus 1 molecular cloud
(d ~ 155 pc [11]). A molecular outflow was detected by single-dish observations
of CO emission [27, 30]. The CO (J = 3 — 2) observation with the James Clerk
Maxwell Telescope (Ogpgw ~ 15”) showed that the red- and blue-shifted lobes of
this source were relatively overlapped with each other, and thus a pole-on geometry
was suggested [30]. [12] observed H,CO and CS lines toward this source to search for
asign of an infall motion without success. On the other hand, [9] reported the presence
of an inverse P-Cygni profile of the H,O (1,90 — 1¢,1) at 557 GHz, indicating an infall
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motion of the envelope on a scale of about 10* au. [7] detected a ring structure in
the H3CO™ (J = 4 — 3) line at a (150 — 200) au scale. They proposed that a recent
accretion burst in this source enhanced the luminosity leading the H,O evaporation,
which would destruct HCO™ in the vicinity of the protostar and cause the observed
ring structure.

IRAS 15398—3359 shows peculiar chemical features. Various carbon-chain
molecules, such as CCH, C4H, and CH;CCH are detected toward this source, which
is characteristic to so-called warm carbon-chain chemistry (WCCC) [22, 24, 25]. As
demonstrated in Chaps. 3 and 4, the kinematic structure of the envelope in another
WCCC source, L1527, is well reproduced by the infalling-rotating envelope model.
Because of the chemical resemblance of IRAS 15398—3359 to L1527, it is inter-
esting to compare the physical structures of their envelopes. A deep insight into
envelope structures of Class 0 protostellar sources is essential to explore when and
how rotationally-supported disks are formed around protostars. With these motiva-
tions, several molecular lines are observed with ALMA toward IRAS 15398—3359.

5.2 Observations

ALMA observations toward IRAS 15398 —3359 were carried out on December 31st,
2012 during its Cycle 0 operations. Spectral lines of CCH and H,CO were observed
with the Band 7 receiver at frequencies of (349 — 364) GHz, as listed in Table 5.1.
These observations were carried out with twenty-five antennas with the baseline
length ranging from 13 to 338 m. The field center of the observations was set to be
(02000, d2000) = (157430253, —34°09'07"5). The system temperature was typically
from 120 to 300K. The frequency resolution of the backend correlator was tuned
to be 122 kHz and bandwidth of 469 MHz, corresponding to the velocity resolution
of 0.1 km s~! at 366 GHz. The phase calibrations were carried out on J1517—243
for every 12min. J1256—057 and J1924—292 were used for the bandpass calibra-
tions. The absolute flux density scale was derived from Mars and Titan. The data
calibration was performed in the antenna-based manner where typical uncertainties
are expected to be less than 10%. The primary beam (half-power beam width) is
17”. CLEAN algorithm was employed to obtain the continuum and line images. The
continuum image was obtained by averaging line-free channels. After subtracting
the continuum emission directly from the visibilities, the line images were obtained.
The total on-source time was 27 minutes and 21 minutes for the H,CO lines and the
CCH lines, respectively. The synthesized-beam size is 0757 x 0742 (P.A. = 49°) and
0760 x 0744 (P.A. = 46°) for the continuum image and the H,CO image, respec-
tively. The rms noise levels are 1 and 10 mJy beam™! for the continuum and the
H,CO emission, respectively. The continuum emission has its peak intensity at:
(02000, G2000) = (15M43™02524, —34°09'06”7). The CCH data were combined with
those taken in another ALMA observation program (2011.0.00628.S; PI: Jes Jgr-
gensen), which was carried out with 15 — 16 antennas. The signal-to-noise ratio
(S/N) was improved from 13.7 to 24.5 by this combination. The synthesized beam
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Table 5.1 Observed Line Parameters?®

Molecule Transition Frequency Eykg ! Suzh
(GHz) (K) (D?)
H,CO 50,5 — 40,4 362.7360480 |52 27.168
S515—414 351.7686450 | 62 26.096
504—423 363.9458940 | 100 22.834
CCH N=4-3,J=17/2-5)2, 349.4006712 | 42 1.6942
F=3-2
N=4-3,7J=17/2-5/2, 349.3992756 |42 22712
F=4-3

4Taken from CDMS [15]
b Nuclear spin degeneracy is not included.

of the combined CCH image is 0770 x 0746 (P.A. = 72°). Its rms noise level is 15
mJy beam~!. No other significant line features were detected in these observations,
except for the line emissions reported by [7].

5.3 Results

5.3.1 Overall Distribution of HyCO and CCH

Figure 5.1a shows the moment O (integrated intensity) map of the H,CO (5,5 — 4, 4)
line. A well-collimated outflow is detected prominently, symmetrically extending
along the northeast-southwest axis from the protostellar position. The wall of this
outflow has a straight structure, as like as the outflow of HH46 [1]. Figure 5.1b shows
the velocity map (moment 1 map), showing that the northeastern and southwestern
outflow lobes are red-shifted and blue-shifted, respectively. In these observations, the
emission extending over 12" scale or larger would be affected by the resolving-out
effect due to the lack of short baseline data. Although the size of the detected outflow
is as compact as 8” for each lobe, the emission from the outer part may be resolved
out. As well, it may be weak due to insufficient excitation conditions for the observed
molecular lines. At a distance of 8” from the protostellar position, the apparent width
of the outflow is about 4”. Figure5.1c shows the integrated intensity map (moment
0 map) of the high-excitation HyCO (5, 4 — 4, .3) line. The emitting region of the
H,CO (5,4 — 4,.3) line is essentially similar to that of the HyCO (5, 5 — 4 4) line,
although the S/N ratio is rather poor for the former line. In these maps, a bright knot
is detected in the red-shifted lobe (‘Clump A’ in Fig.5.1a). This component could
be a shocked region caused by an impact of the outflow with dense clumps in the
surrounding cloud.

As well as the outflow, a single-peaked compact component is also recognized in
the vicinity of the protostar in Fig.5.1d (a blow-up of the central part of Fig.5.1a).
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Fig. 5.1 a Integrated 1S W -weag A
intensity map (moment 0) of 3 3
the H2CO (51,5 — 41,4) line
(color; black contours).
‘White contours show the 0.8
mm continuum emission.
The PV diagrams in
Figs.5.5a, b are prepared
along the blue arrows. b
Velocity map (moment 1
map) of the H,CO

(51,5 — 41.4) line. Black and
white contours are the same
as those in panel (a). ¢
Integrated intensity map of
the H,CO (52,4 — 42,3;
contours) line. The color
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5.3 Results

Fig. 5.2 Intensity profiles of
the H,CO (51,5 — 41 4) line
and the CCH
(N=4-3,J=
7/2—5/2,F =4 —3 and

3 —2) lines along the line
perpendicular to the outflow
axis (“0°” shown in Fig. 5.1f)

Fig. 5.3 Spectra of the (@) 05
H>CO (50,5 — 40,4, ’
51,5 —41,4and 524 —423)
lines and the CCH 04
(N=4-3,J=
7/2—-5/2,F =4 —3and - 03
3 — 2) lines prepared toward £
the protostellar position. In 20.2
panel (b), the systemic =
velocities for the two 0.1
hyperfine components of
CCH are represented by the 0.0
two vertical dashed lines ’
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Figure 5.1e represents a blow-up of the velocity map (Fig.5.1b). The approximate
extent of the central component is estimated to be about 2” (310 au) in diameter based
on the spatial profile of the line intensity prepared along the line perpendicular to the
outflow axis (Fig.5.2). In Fig.5.3, the spectral line profiles of the H,CO and CCH



76 5 IRAS 15398-3359

@, (b)s,
T T T T T YVW
= 04 ” \. 04
S 02% & 6f 02"
5 £ N =
2 . 0k 3 0k
£ 3 £ 3
[v] o0 [W] o
8 . 1§02= 8 022
340912 @ Color: CCHF . -340908"
O Contour: Continuum 04 0.4
15M43M02.755 02.505 02.255 02.005 01.755 15h43m2305 02208

Right Ascension (J2000) Color: CCH F2

@ Contour: Continuum

Fig.5.4 alntegratedintensity mapofthe CCH(N =4 -3,/ =7/2—-5/2, F =4 —3and3 —2;
color, black contour) lines. White contours represent the 0.8 mm continuum map as the same as
those in Fig. 5.1a. The PV diagram in Fig. 5.6 is prepared along the blue arrow parallel to the outflow
axis. b A blow-up of panel (a) in the vicinity of the protostar. Contours are as the same as those in
panel (a)

lines are shown, which are prepared at the protostellar position and averaged over the
beam size. The line width of the H,CO line is as narrow as 2 km s~! even toward the
protostellar position. By using the RADEX program [29] to fit the intensity of the
two temperature sensitive lines of para-H,CO (5¢ 5 — 40,4, 52.4 — 42.3), the column
density of H,CO and its kinetic temperature toward the protostellar position are
estimated to be 3 x 10" cm~2 and 36 — 38 K, respectively, assuming the H, density
of (1 x 107 — 1 x 10%) cm~2 and the line width of 1.8 km s~! for the H,CO line. As
well, the ortho/para ratio is estimated to be 2.8 based on the intensity of the ortho-
H,CO (5 5 — 41.4) line. The optical depths for these lines are 0.27 (59,5 — 4¢.4), 0.06
(52.4 —42.3),0.53 (51,5 — 41,4), and therefore, the lines are not opaque.

The integrated intensity map of the CCH(N =4 —-3,J =7/2-5/2, F =4 -3
and 3 — 2) lines is shown in Fig.5.4a, and its blow-up is in Fig.5.4b. The outflow
cavity is prominently traced as well as the centrally concentrated component is also
seen. The emitting region of the CCH line around the protostar is more extended
along the southeast-northwest axis than that of the H,CO line. The CCH emission
shows a slight dip toward the protostellar position, as shown in its intensity profile
prepared along the line perpendicular to the outflow axis (Fig.5.2). This feature is
consistent with the previous report [7]. The spectrum of the CCH lines taken at the
protostellar position is complicated due to the two hyperfine components (Fig.5.3).
Nevertheless, the line width of each hyperfine component of CCH is found to be
2 km s~! or less, as like as that of the H,CO line.
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5.3.2 Outflow

First, the outflow feature detected in the H,CO (515 —4;4) line is analyzed.
Figure 5.5a shows the position-velocity (PV) diagram of the H,CO (5, 5 — 4, 4) line.
Its position axis is shown by a blue arrow in Fig. 5.1a, which is centered at the proto-
stellar position and prepared along the outflow axis. The observed outflow structure
extends along the northeast-southwest axis from the protostellar position, where the
northeastern and southwestern parts are red-shifted and blue-shifted, respectively.
Since the red-shifted and blue-shifted outflow lobes show little overlap with each
other near the protostar, the outflow likely blows almost perpendicular to the plane
of the sky, which indicates that the disk/envelope geometry has a nearly edge-on con-
figuration. As often observed for outflow cavities (e.g. [1, 10]), the highest velocity
shift in Fig. 5.5a is found to increase linearly as the distance from the protostar. An
intense knot is detected in the red-shifted component, corresponding to Clump A in
the integrated intensity map (Fig.5.1a). As well as the high velocity-shift compo-
nents, other components are found near the systemic velocity (~ 5 km s~!; [22]).
The low velocity-shift components are slightly blue-shifted and red-shifted on the
northeastern and southwestern side of the protostar. This trend is the opposite case
to the high velocity-shift components.

Figure 5.5b shows the PV diagram of the H,CO (5, 5 — 4, 4) line in the red-shifted
outflow lobe, whose position axis is prepared to be perpendicular to the outflow axis
as shown in Fig.5.1a. This diagram shows an elliptic feature. As well, a knot-like
emission is also detected in the higher-velocity range. This emission corresponds
to Clump A found in the integrated intensity map (Fig.5.1a). The velocity structure
shown in the PV diagram likely suggests the expanding motion of the gas in the
outflow cavity wall.

In this study, the standard model of an outflow cavity from [10] is employed to
analyze the observed geometrical and kinematical structures of the outflow, which

Color: HyCO (5;,5-41,4)
—Blue line: Model
—Er

Jy Bean!

-0.2

Angular Offset (arcsec) Angular Offset (arcsec)

Fig. 5.5 PV diagrams of the HoCO (515 — 41,4) line a along the outflow axis and b the line
perpendicular to it. Their position axes are represented by the blue arrows in Fig.5.1a. Blue lines
show the best outflow model with an inclination angle of 70° (0° for a pole-on configuration). The
systemic velocity is represented by the black horizontal line in each panel
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is employed for the outflow analysis in L.1527 (Chap. 4). In this model, a parabolic
shape is assumed for the outflow cavity wall, and the velocity of the gas on the wall
is assumed to be proportional to the distance to the protostar;

R z
= CasR2a VR =Vas 7> Vz=Vas—, (51)
Ry 20

where z denotes the distance to the protostar along the outflow axis, and R the radial
size of the cavity wall perpendicular to z-axis (see Chap. 3). Both zy and Ry are
normalization constants set to be 1”. Cy5 and v, are free parameters. In this model,
the intensity of the emission is assumed to be proportional to the column density,
where the molecular density is simply assumed to be constant. These assumptions
may not be realistic. However, they do not matter the following analysis, because
this study focuses on the velocity structure but not on the intensity profile. The best
results are obtained with an inclination angle of 70° (0° for a pole-on configuration),
as represented by the blue lines in Fig. 5.5. With an inclination angle less than 60° or
higher than 80°, the outflow model does not reproduce the observed kinematic struc-
ture well with any values of C,5 and v,5. Hence, the inclination angle is determined to
be 70° & 10°, where the error value is the estimated limit based on the above results.
The derived parameters are C,s of 0.8 arcsec™! and v, of 0.38km s~! for an incli-
nation angle of 70°. As mentioned in Sect. 5.1, [30] reported an inclination angle of
15°, anearly pole-on geometry. This discrepancy seems to originate from the limited
spatial resolution of their data. Another possibility is that the outflow direction at a
small scale is different from that on larger scales (e.g. [8, 14, 20, 32]), as discussed in
the analysis of L1527 (Cha. 4). On the other hand, Atacama Pathfinder EXperiment
observations of the CO (J = 6 — 5) line indicate an inclination angle of 70° [31],
which is consistent with the above result.

Figure 5.6 shows the PV diagram of the CCH(N =4 —-3,J =7/2—-5/2, F =
4 — 3 and 3 — 2) line prepared along the outflow axis through the protostellar posi-
tion. The appearance of the PV diagram is complicated due to the two hyperfine
components blending with a separation of only 1.2 km s~!. Compared with the
H,CO case, the low velocity-shift components of CCH is relatively bright in com-
parison with its high velocity-shift components. This suggests that the CCH emission
from the outflow component primarily traces the compressed ambient gas around the
outflow cavity rather than the entrained outflowing gas. Gas-phase reactions in dense
photodissociation region layers may form CCH (e.g. [5, 6, 26]).

5.3.3 Protostellar Envelope

A centrally concentrated component is detected in both the H,CO and CCH emis-
sion (Figs.5.1d, 5.4b). The distributions of C348, €70, and CH;OH also have such
a component [7]. In this section, the kinematic structure of this component is inves-
tigated. A blow-up of the velocity map of the H,CO line (Fig.5.1e) is dominated by
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CCH Ea = — Color: CCH (F)
R =8 = — Blue line: Model 0.2
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Fig. 5.6 PV diagram of the CCH (N =4 —-3,J =7/2—-5/2, F =4 —3 and 3 — 2) lines. The
position axis is taken along the outflow axis, which is shown by a blue arrow in Fig.5.4a. Blue
lines in the diagram represent the outflow model results with an inclination angle of 70°, which
is the best model obtained in the HoCO analysis (Sect.5.3.2). The systemic velocities for the two
hyperfine components of CCH (5.0 km s~!, 3.8 km s~!) are shown by the black dashed lines

the overwhelming emission from the outflow components. Nevertheless, a slightly
skewed feature is marginally recognized around the continuum peak position. In
order to reveal the gas motion in the vicinity of the protostar more carefully, PV
diagrams around the protostar are prepared (Fig. 5.7).

The PV diagrams of the HyCO (5 5 — 4 4) line are shown in Fig.5.7a, b. They
are prepared along the lines shown in Fig. 5.1f, centered at the protostellar position;
Fig.5.7a is along the line perpendicular to the outflow axis (“0°”), while Fig.5.7b
along the outflow axis (“90°”"). Although a rotation signature is not obvious in the
centrally concentrated component in Fig.5.7a, there is a marginal trend that the
intensity peaks in the red-shifted and the blue-shifted velocity ranges are on the
southeastern and northwestern sides of the protostellar position, respectively. In fact,
this rotation motion has been later confirmed [17].

Meanwhile, Fig.5.7b shows two intensity peaks in the vicinity of the protostar;
one on the northeastern side of the protostar is red-shifted, the other on the south-
western side is blue-shifted. This systematic velocity gradient is the same case of
that found in the outflow (Fig. 5.5a). However, the modest velocity gradient near the
protostar is difficult to attribute to the outflow component, according to the outflow
model result obtained in Sect. 5.3.2. Based on the outflow direction and its inclination
angle, the outflow and disk/envelope structure of IRAS 15398 —3359 is schematically
illustrated as shown in Fig.5.8. Therefore, the velocity gradient found in Fig.5.7b
is likely a signature of an infall motion of the envelope gas rather than an outflow
motion.

An infall/rotation signature is not clearly seen in the PV diagrams for the CCH
(N=4-3,J=7/2—-5/2, F =4 —3 and 3 — 2) lines (Fig.5.7c, d), in contrast
to the L1527 case (Chapters 3, 4 [21, 23]). In L1527, whose protostellar mass and
inclination angle are derived to be 0.18 My and 85°, respectively, the observed
velocity shift of the CCH line is 1.8 km s~! at a radius of 100 au from the protostar.
On the contrary, the velocity shifts are as smallas 1 kms~! and 0.7 kms~! in the H,CO
and CCH lines, respectively, in IRAS 15398 —3359 (Fig.5.7), although a nearly edge-
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Fig.5.7 PV diagrams of the H,CO (515 —414;a,b)and CCH(N =4 —-3,J =7/2-5/2, F =
4 — 3 and 3 — 2; c, d) lines. Their position axes are shown in Fig. 5.1f; those for panels (a) and (c)
are taken along the line perpendicular to the outflow axis (“0°”), while those for (b) and (d) are
along the outflow axis (“90°”). Panels (b) and (d) are blow-ups of Figs.5.5a and 5.6, respectively.
Blue lines in panel (b) represent the best model for the outflow component (Sect.5.3.2)

on configuration (70°; 0° for a face-on configuration) is expected according to the
outflow analysis (Sect.5.3.2). Although IRAS 15398—3359 is similar to L1527 in
its large-scale (~ a few 1000 au) chemical composition [22], infall/rotation motions
are not very clear contrarily.

In these observations, the structure down to 78 au (075) are resolved around
the protostar. Nevertheless, the observed line widths are quite narrow. Consider-
ing the nearly edge-on configuration, it is suggested that the Doppler shift due to
infall/rotation motions around the protostar is small. A small velocity-shift could be
explained if the observed dense gas were not associated with the protostar, that is,
if it were mostly present in the outflow component. However, this is not likely the
case because the modeled outflow motion does not well explain the velocity gradient
traced by the H,CO line (Fig.5.7b), as mentioned above. Hence, the small velocity-
shift likely implies a low protostellar mass. A rough upper limit for the protostellar
mass is estimated based on the maximum value of the observed velocity shifts. Under
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the conservation law of energy, the protostellar mass (M) is represented in terms of
the infall velocity (Vipan) and the rotation velocity (Vrotation) as:

’
M = E (viznfall + Vrzotation) ’ (52)
where r denotes the distance to the protostar. By using this relation, the protostellar
mass is roughly estimated to be smaller than 0.09 M with a maximum velocity less
than 1 km s~! at 075 (78 au) from the protostar. Here, both the infall and rotation
velocities are assumed to be the observed maximum value of 1 km s~! in Fig.5.7a
as a robust case. If there is no rotation motion, i.e. the free fall case, the upper limit
for the protostellar mass is obtained to be 0.04 M. This rough estimate is indeed

consistent with the later report with a further observation [17].

5.3.4 Comparison with an Envelope Model

A ballistic model of an infalling-rotating envelope (Fig.5.8) is employed to investi-
gate the observational results of the c-CsH, and CCH lines toward L1527 (Chaps. 3

Inclination
Angle
~ 700

Outflow
Cavity Wall

red-shifted component and
systemic velocity component
in the outflow cavity wall

red-shifted component
caused by the infalling motion

<----- blue-shifted component
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blue-shifted component
caused by the rotating motion
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caused by the infalling motion
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Fig. 5.8 Schematic illustrations of the outflow and disk/envelope system. An observer sits on the
right hand side, whose line of sight is shown by the black dashed arrows. The disk/envelope system
has an almost edge-on geometry with an inclination angle of 70° (0° for a face-on configuration)
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and 4). This source has similar chemical characteristics to IRAS 15398—3359. In
spite of the simplicity of this model, the basic features of the PV diagrams of the
c-C3H; and CCH lines toward L1527 are well reproduced. Therefore, it is worth
applying the same model to the kinematic structure traced by the H,CO and CCH
lines in IRAS 15398—3359. The CCH emission observed in L1527 only traces the
infalling-rotating envelope, and thus, it is preferable to apply the infalling-rotating
envelope model for the CCH line. However, the PV diagrams of different transitions
of CCH observed toward IRAS 15398—3359 are complicated due to the hyperfine
structure, and their signal-to-noise ratios are insufficient for critical comparison. In
contrast, the HyCO (5,5 — 4, .4) emission is bright enough in IRAS 15398—-3359.
Although H,CO possibly resides in the inner disk-like structure in addition to the
infalling-rotating envelope, the contribution of the envelope seems significant in
L1527 [21]. Hence, the model results are compared with the H,CO (5, 5 — 4; 4) line
observed in IRAS 15398—-3359.

The radius of the centrifugal barrier
30au 50 au

p

The mass of
the protostar (

au.
no rotation)  10au

;

2-2 0 2
Angular Offset (arcsec) — Color: H,CO (5,5-4,4)
— Blue Contour: Model

Fig. 5.9 PV diagrams of the HyCO (51,5 — 41 4) line prepared along the line perpendicular to the
outflow axis. Their position axes are represented by the arrow labeled as “0°” in Fig.5.1f. Blue
contours represent 20 model results of the infalling-rotating envelope with an inclination angle of
70°. The protostellar mass and the radius of the centrifugal barrier are varied as free parameters
(see Chap. 3). Contour levels are every 20% of the peak intensity in each panel. Dashed contours
around the central position represent the intensity dip
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Figure 5.9 shows the PV diagrams of the H,CO (5, 5 — 4, 4) line along the line
perpendicular to the outflow axis (the arrow labeled as “0°” in Fig.5.1f), that is,
along the mid-plane of the envelope. The blue contours represent the results of the
infalling-rotating envelope model. In this model, the intensity is simply assumed
to be proportional to the column density. The molecular density is assumed to be
proportional to ¥ '3, where  denotes the distance to the protostar. The assumption
of the optically thin condition seems to be reasonable, because the optical depth is
evaluated to be less than 0.3 (Sect.5.3.1). The excitation effect and the effect of the
temperature gradient are not taken into account, neither. However, these simplifica-
tions may not affect the following analysis, because this analysis only focuses on
the velocity structure but not on the intensity profile. In contrast to the L1527 case
(Chap. 4), the radius of the centrifugal barrier cannot be directly determined from the
PV diagram because of the absence of an obvious rotation signature. Nevertheless, its
upper limit can be roughly estimated based on the CCH distribution. If CCH resides
only in the infalling-rotating envelope as in the case of L1527 and the radius of the
centrifugal barrier is larger than the beam size, a hole in the CCH distribution toward
the protostellar position is expected to be resolved. Although an intensity dip toward
the protostar is marginally seen in the CCH emission (Fig.5.2), this feature is not
well resolved in the present observation with the beam size of 0” 5 (78 au). Hence,
the upper limit for the centrifugal barrier is set to be 80 au. Under this constraint,
Fig.5.9 shows the simulated PV diagrams of the infalling-rotating envelope models
with various sets of the protostellar mass (M) and the radius of the centrifugal barrier
(rcs). Among the 20 models in Fig. 5.9, ones with M of 0.02 M and rcp from O to
30 au are chosen as the best models by eye. The value of M is consistent with its
upper limit obtained in Sect.5.3.3. Thus, the low protostellar mass of this source is
confirmed with this model analysis. The PV diagrams of the model and observation
along the different directions are also shown in Fig. 5.10; the diagrams are prepared
along the six lines shown in Fig.5.1f, and the model with M of 0.02 My and rcp of
30 au are employed as an example. The observed trends of velocity gradients around
the protostar seem to be explained by this model.

5.4 Discussion

The small protostellar mass of IRAS 15398 —3359 (< 0.09 M,,) is essentially derived
from the narrow line width detected in the inner envelope (< 80 au) with an almost
edge-on configuration (70°; 0° for a face-on configuration). The mass estimates
may suffer from the uncertainty in the inclination angle of the disk/envelope system,
since the inclination angle evaluated for the outflow structure is employed as the
substitute. If the inclination angle is smaller than the employed value, i.e. nearer to
the face-on configuration, the mass evaluation by the model increases. Nevertheless,
the upper limit value for the protostellar mass does not change significantly, even if
an inclination angle of 60° is employed. In fact, the upper limit value was confirmed
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—Color: HyCO (51,5-41,4)

—Blue Contour: Model (Envelope)

==White line: Model (Outflow)
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Fig.5.10 PV diagrams of the HCO (51 5 — 41 4) line prepared centered at the protostellar position.
Their position axes are represented by the six arrows in Fig. 5.1f, which are taken for different
position angles. Blue contours represent the results of the infalling-rotating envelope model. The
parameters for the model are the inclination angle of 70°, the protostellar mass of 0.02 M, and
the radius of the centrifugal barrier of 30 au. Contour levels are every 20% of the peak intensity in
each panel. White lines show the outflow model obtained in Sect.5.3.2

to be adequate later based on the further observations [17], where the protostellar
mass was evaluated to be as small as 0.007 Mg.

The averaged accretion rate is evaluated to be less than 9.0 x 107> Mg, yr~! by
using the dynamical timescale of the extended outflow ((1 —2) x 103 yr for each
lobe [31]) and the upper limit for the protostellar mass (< 0.09 M) obtained in
Sect.5.3.3. Because older parts of the outflow structure may not be detected, the
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evaluated dynamical timescale of the outflow should be regarded as its lower limit.
Thus, the above value for the averaged accretion rate is its upper limit. Nevertheless,
the estimated accretion rate seems roughly consistent with the typical value for low-
mass protostars from 107 to 1076 My yr~! (e.g. [4]), and may be higher than
that for another WCCC source L1527 (10 My yr~! [16]). Meanwhile, the mass
outflow rate is calculated to be 6.3 x 107® Mg yr~! and 2.2 x 107® My yr~! for
the red- and blue-shifted lobes, respectively, by using their masses and dynamical
timescales reported by [30]. These values are modified to be 1.7 x 1075 M yr~!
and 6.2 x 1078 My yr~! including the correction for the inclination angle of 70°.
Therefore, the averaged mass accretion rate and the mass outflow rate seem to be
roughly comparable to each other.

Meanwhile, the mass accretion rate (M) can be estimated by using the following
equation [19]:

y L Rstar

M= , 5.3
M (5.3)

where M, L, and Ry, denote the mass, luminosity, and radius of the protostar,
respectively. With the upper limit for M (< 0.09 M) obtained in Sect.5.3.3, M is
estimated to be larger than 1.6 x 1078 M yr~! by employing L of 1.8 L, [7] and
Rgiar 0f 2.5 R (e.g. [2, 18]). This lower limit value for M is consistent with its upper
limit obtained above (9.0 x 107> Mg, yr~!). In spite of the episodic accretion in this
source suggested by [7], the averaged mass accretion rate does not significantly differ
from the canonical value (107> — 1076 Mg yr™").

The upper limit of the protostar/envelope mass ratio is evaluated to be 0.18 by
using the upper limit for the protostellar mass of 0.09 M and an envelope mass of
0.5 Mg [9]. Employing the protostellar mass of 0.02 Mg, the ratio is calculated to be
0.04. Thus, the ratio in this source seems smaller than that in L1527 (0.2 [28]). This
result implies that the protostar is in its infant stage and is still growing, which was
later supported with further investigation [17]. Since the specific angular momentum
of the gas brought into the vicinity of the protostar is expected to be smaller at the
earlier stage in the protostar evolution, it would be a natural consequence that the
rotation signature is not evident in IRAS 15398—3359 in contrast to the case in
L1527 (Chap. 4), a more evolved Class I source.

In Fig.5.2, the H,CO emission shows a centrally concentrated distribution with
a single peak, whereas the CCH emission has a more flattened distribution. There-
fore, the H,CO emission is expected to trace the inner region than the CCH emis-
sion. A similar trend is also seen in L1527 [21]. It should be noted that Fig.5.10
shows a faint high-velocity component of H,CO (vi; < 4 km s7! or vy > 6 km
s~!) toward the protostellar position. If this faint emission is really the contribution
from a rotationally-supported disk, it means that a disk structure is already formed
at such a very early stage of the low-mass star-formation. With the upper limit for
the protostellar mass of 0.09 M, the maximum velocity shift about 3 km s~! in the
H,CO line corresponds to the radius of 10 au.

As demonstrated in this chapter, extensive studies of the disk/envelope structure
in a Class 0 source have now become possible with ALMA, and a chemical approach
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is helpful for such studies. This study reveals that the disk/envelope structure can be
traced with various molecular lines. Hence, the chemical evolution can be addressed
even in the disk-forming stage.
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