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ABSTRACT

Line observations of young stellar objects (YSOs) at (sub)millimeter wavelengths provide essential infor-
mation of gas kinematics in star and planet forming environments. For Class 0 and I YSOs, identification
of Keplerian rotation is of particular interest, because it reveals presence of rotationally-supported disks
that are still being embedded in infalling envelopes and enables us to dynamically measure the protostel-
lar mass. We have developed a python library SLAM (Spectral Line Analysis/Modeling) with a primary
focus on analyses of emission line data at (sub)millimeter wavelengths. Here, we present an overview of
the pvanalysis tool from SLAM, which is designed to identify Keplerian rotation of a disk and measure
the dynamical mass of a central object using a position-velocity (PV) diagram of emission line data.
The advantage of this tool is that it analyzes observational features of given data and thus requires few
computational time and parameter assumptions, in contrast to detailed radiative transfer modelings. In
this article, we introduce the basic concept and usage of this tool, present an application to observational
data, and discuss remaining caveats.

Key words: Circumstellar disks (235) — Circumstellar envelopes (237)

1. INTRODUCTION

The circumstellar disk is a key structure in low mass
star formation because planet formation is expected to
occur in the disks where material is supported by rota-
tion against the gravity of the central star in a young
stellar object (YSO). The rotation balancing with the
gravity is called Keplerian rotation and is expressed by
the rotational velocity of

vrot(r) =

√
GM∗

r
, (1)

where r is the radius, G is the gravitational constant,
and M∗ is the central stellar mass. Disks around YSOs
are expected to exhibit Keplerian rotation when the
gravity of the central star is a dominant force deter-
mining gas motion. Keplerian disks were identified first
around YSOs in the Class II phase, called protoplanetary
disks (???). In this evolutionary phase, a YSO simply
consists of a central star and a disk, and thus Keplerian
rotation of the disks can be identified relatively easily
through molecular line observations at millimeter and
submillimeter wavelengths.

Disks have been also identified around YSOs in ear-
lier phases, Class 0/I or protostellar phase (e.g., ???). In
this evolutionary phase, a YSO, i.e., a protostellar sys-
tem consists of a central protostar, a disk, an envelope
surrounding the disk, and an outflow driven by the ro-
tation in the disk. Because envelopes and outflows have
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different kinematics from Keplerian rotation, identifica-
tion of a disk requires to distinguish the disk from those
structures in terms of kinematics (e.g., ?). The outflow
can be distinguished relatively easily because its mor-
phology is elongated in the direction perpendicular to
the associated disk inclined from the line of sight (e.g.,
?). The velocity gradient of an outflow is also expected
in a direction perpendicular to that produced by disk
rotation (?). In contrast to outflows, envelopes are hard
to distinguish from disks because envelopes often show
a flattened, disk-like morphology and are rotating like
disks (??). The rotation in an envelope is, however, not
fast enough to support the material against the grav-
ity of the central star. The material is then infalling in
an envelope toward the associated disk. The infalling
material is thought to conserve its specific angular mo-
mentum (j), producing the rotational velocity inversely
proportional to the distance from the central protostar
(?):

vrot(r) =
j

r
. (2)

This rotational velocity has a steeper radial profile
(vrot ∝ r−1) than Keplerian disk (vrot ∝ r−0.5) and
thus cannot support the material against the gravity. It
is, therefore, necessary to verify whether the rotation
around a protostar is Keplerian rotation or not through
observations in order to identify a protostellar disk. Pro-
tostellar disks have recently gained a spotlight as the
place for planet formation because more evolved, Class
II disks may not be massive enough to form Jupiter-mass
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planets (?). Recent observational works also reported
several Class 0/I disks with substructures (e.g., ?????),
which are often thought to be a sign of planet forma-
tion. The identification of disks is essential to the study
of planet formation during the protostellar phase.

Previous works have suggested two directions for iden-
tifying protostellar disks. One direction is to construct
models, including a disk, and compare them with ob-
servational data. Recent sophisticated models of a pro-
tostellar system incorporate various calculations, which
provide quantities such as a temperature distribution
based on a given stellar luminosity and a given density
field, non-LTE population of each quantum energy level
of a given molecule, the intensity at each position on
the plane of the sky through radiative transfer (e.g., ?).
Finding a model that reproduces a given observational
data set the best can cost more computational time as
more realistic conditions and more free parameters are
considered. It is no longer very rare for observational
studies to include parameter search that takes a month
or longer time scale. The other direction is to analyze
observational data in detail focusing on observable fea-
tures expected in specific physical structures, such as a
disk. Such analytic estimates have advantages of the
lower computational cost and simpler processes than
model fitting including radiative transfer with a num-
ber of free parameters. Analytic methods also enable us
to focus on a specific quantity, such as the central stellar
mass, without complicated parameter degeneracy. The
python package of pvanalysis implemented in the SLAM
(Spectral Line Analysis/Modeling) code (?)1 has been
developed to identify protostellar disks embedded in a
protostellar envelope. In this article, we summarize its
methodologies and a basic usage, and introduce an ap-
plication to observational data of this tool.

2. METHODOLOGIES

The pvanalysis tool performs a two-steps analysis us-
ing a given position-velocity (PV) diagram made by cut-
ting a 3D cube (2D space projected on the plane of the
sky plus 1D line-of-sight velocity) obtained from emis-
sion line observations along the major axis of the ex-
pected disk. Since rotation causes a velocity gradient
along the major axis, PV diagrams along the major axis
show the emission distribution as a function of the rota-
tional velocity v and the offset or radius from the central
protostellar position r. The first step of this tool is to
extract data points from the PV diagram that represent
the relation between the rotational velocity and the ra-
dius. The second step is to fit these data points with
a power-law function. These processes are visualized in
Figure 1. We describe details of each step in the follow-
ing subsections.

2.1. EDGE AND RIDGE

The first step, extracting data points (ri, vi) from a PV
diagram, is performed through two independent meth-

1This tool is public on GitHub: https://github.com/
jinshisai/SLAM.

ods. One method uses the emission ridge in 1D profiles
along the positional axis (the velocity axis) at a given
velocity (position). This ridge method is demonstrated
in previous observational studies (????) with discus-
sion about its potential problems (???), as well as in a
study using synthetic observations of a magnetohydro-
static (MHD) simulation of protostellar evolution (?).
The other method uses the emission outer edge in the
1D profiles. This edge method was developed using an
MHD simulation of protostellar evolution (?) and is
used in previous observational studies as well (e.g., ?).
The advantage and disadvantage of each method are
controversial. For example, ? reported that, depending
on the spatial resolution, the ridge method can under-
estimate the central stellar mass by ∼ 30%, while the
edge method can overestimate it by a factor of ∼ 2.

The edge and ridge radii are obtained in the 1D pro-
file along the positional axis at the given velocity (xcut);
those radii are obtained at every channel (Figure 1).
The edge radius is defined as the outermost position
with a given threshold level (e.g., 5σ) of emission. The
uncertainty of the edge radius is calculated as the ab-
solute value of the intensity gradient at the edge ra-
dius multiplied by the noise level of the PV diagram.
The intensity gradient is calculated by interpolating the
1D profile. The ridge radius is defined as the intensity-
weighted mean position in the 1D profile, or the center
derived by Gaussian fitting. The uncertainty of the ridge
radius is calculated from the noise level of the PV dia-
gram through the error propagation in the case of the
mean position, while it is provided by the Gaussian fit-
ting in the case of the Gaussian center. Similarly the
edge and ridge velocities are obtained in the 1D profile
along the velocity axis at a given position (vcut ; Figure
1). In the vcut case, those velocities are obtained with
a positional separation of half of the beam major-axis,
rather than one pixel, to avoid sampling more than the
Nyquist rate. The oversampling causes to put unnec-
essarily high weights on the vcut points, relative to the
weights on xcut points, in the χ2 fitting with a power-
law function.

Then, obtained ridge and edge points are passed to fil-
ters so that data points better representing the rotation
curve feature can be fitted with a power-law function in
a latter fitting stage. The filtering conditions are illus-
trated in Figure 2. In each of edge and ridge method,
xcut points at velocities higher than a “middle” velocity
and vcut points at radii outer than a “middle” radius
are combined as the final pairs of (ri, vi) (top of Fig-
ure 2). The middle velocity and radius are determined
from the closest pair of points between the xcut and
vcut, as explained in ? in more detail. In addition,
in xcut (vcut), the edge/ridge radii (velocities) can be
removed if the radii (velocities) are at lower velocities
(smaller radii) than the velocity (radius) with the max-
imum edge/ridge radius (velocity) (middle of Figure 2).
Furthermore, the edge/ridge radii or velocities can be
removed if those are located in the opposite quadrant
(bottom of Figure 2). Removing points is done sepa-
rately between the redshifted and blueshifted velocities
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Figure 1. Two steps of pvanalysis. (a) Edge/ridge radii and velocities are extracted from the PV diagram, respectively,
and then (b) the obtained edge/ridge points are fitted with a power-law function. The left panel illustrates a PV diagram
and edge/ridge points derived from xcut and vcut 1D profiles of the PV diagram. Pink and green markers indicate xcut and
vcut data points, respectively. Crosses and circles in the PV diagram denote edge and ridge points, respectively. Dotted
and dashed lines in the xcut and vcut 1D profiles also indicate edge and ridge points, respectively. The right panel shows a
figure of the fitting of a power-law function to edge/ridge points.

(or positive and negative offsets).

2.2. POWER-LAW FITTING

The pairs of (ri, vi) obtained in the edge and ridge meth-
ods are separately fitted with a single- or double-power
function as follows:

v = sgn(r) vb

(
|r|
rb

)−p

+ vsys,

p = pin if |r| < rb else pin + dp, (3)

where vb is the velocity at the radius of rb, pin is the
power-law index, dp is the difference of the index be-
tween the inner and outer parts, and vsys is the sys-
temic velocity. The sign of the first term on the left
hand side of Equation (3) means that emission tracing
rotation appears in the first and third quadrants in the
PV diagram. When the rotation appears in the second
and forth quadrants, this sign is inverted. dp is lim-
ited to be ≥ 0 to produce a steeper or the same index
outside rb, such as the inner Keplerian rotation ver-
sus the outer rotation where the angular momentum is
conserved. dp = 0 means the single power-law fitting.
Equation (3) provides a function of radius, defined here
as Vfit(r). When dp ≥ 0, the inverse function of velocity
Rfit(v) can also be defined. Using these functions, χ2 to
be minimized is defined as

χ2 =
∑

i for xcut

(ri,obs −Rfit(vi,obs)) /σ
2
i,obs

+
∑

j for vcut

(vj,obs − Vfit(rj,obs))
2
/σ2

j,obs, (4)

where σ is the uncertainty of each radius/velocity de-
fined in Section 2.1: The edge uncertainty is calculated
through the emission gradient, the mean-ridge uncer-
tainty is calculated through the error propagation, and
the Gaussian-ridge uncertainty is calculated through the
1D Gaussian fitting. If the vcut points are sampled on
every pixel, the sum of vcut becomes more dominant in
Equation (4) with smaller pixels by summing multiple
points within the half-beam, which have effectively the
same information. Then, the fitting process will search
for a solution that only minimizes the sum of vcut, ig-
noring the sum of xcut. To avoid such imbalance, the
vcut-points are sampled at the half-beam interval (Sec-
tion 2.1).

The χ2 is minimized by the Markov chain Monte
Carlo method using the open python package emcee
(?) widely used in modelings of YSOs. We adopt this
method because it searches for parameters efficiently
around the best parameters, and it shows acceptable
parameter ranges and degeneracy among parameters
through the posterior distribution. By default, the num-
bers of walkers per parameter, burn-in steps, and steps
after the burn-in are 16, 2000, and 2000, respectively.
The 50 percentile of each parameter is adopted as the
best-fit value. The uncertainty of each parameter is cal-
culated as the 16 and 84 percentiles. These numbers
will be justified in the actual application to observa-
tional data in Section 4. The search ranges for rb and
vb are limited between the maximum and minimum of
the edge/ridge radii and velocities, respectively. The
ranges for pin and dp are limited to [0.01, 10] and [0, 10],
respectively. These ranges are wide enough because the
indices expected from physics are around 0.5 (Keplerian
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Figure 2. Filtering conditions so that edge/ridge points bet-
ter represent the rotation curve. Filled and open circles in-
dicate data points that will be used for and removed from
the rotation curve fitting, respectively. The nanbeforecross
parameter removes the vcut-points at smaller radii and the
xcut-points at lower velocities than the closest pair to obtain
a one-to-one relation between the radius and the velocity.
The nanbeforemax parameter removes the vcut(xcut)-points
at the radii smaller (velocities lower) than the radius (veloc-
ity) of the maximum velocity (radius) to achieve the spin-up
relation between the radius and the velocity. The nanoppo-
site parameter removes the points on the unexpected quad-
rant. These three filters are described in Section 2.1 in more
detail.

rotation) or 1.0 (conservation of angular momentum).
The range for vsys is limited to [−1 km s−1, 1 km s−1]
relative to a given systemic velocity. This range is much
wider than typical velocity resolutions for YSO studies,
and thus vsys can be estimated within this range be-
fore using our tool. No other prior is set for the MCMC
fitting. In the case of single power-law fitting, vb is
fixed at the logarithmic center of the search range of vb:
When the range is [vmin, vmax], the logarithmic center is√
vminvmax.

3. USAGE AND PARAMETERS

In this section, we describe actual usage and parame-
ters of the pvanalysis tool. In addition to the detailed
descriptions in this section, an example script can be
found in our GitHub repository2.

3.1. INPUTS

The each analysis step described in Section 2 is provided
as a method for a python class, PVAnalysis, in this tool.

2https://github.com/jinshisai/SLAM

The instantiation requires five parameters, including the
input data:

impv = PVAnalysis(fitsfile, rms, vsys, dist, incl)

fitsfile — Path to the input fits file of a PV dia-
gram.

rms — The root-mean-square (rms) noise level of the
PV diagram.

vsys — The systemic velocity of the object in the
unit of km s−1. When the systemic velocity vsys
is a free parameter, this value is the center of the
range over which the free parameter is searched.

dist — The distance to the object in the unit of pc
to convert the unit of radius from arcsecond to au.

incl — The inclination angle of the disk in the unit
of degree, which is used to calculate the central stel-
lar mass. If not given, an edge-on configuration
(i.e., an inclination angle of 90◦) is assumed.

The input of observational data must be a fits file of
a PV diagram. The input fits file is supposed to be
two or three dimensions: it should have offset and ve-
locity/frequency axes, or have a one-dimensional stokes
axis (i.e., with only stokes I and no polarization) in ad-
dition to the offset and velocity/frequency axes. It is
assumed that the offset axis is the first axis, and the
stokes axis is the third axis if it is present. The sec-
ond axis can be either velocity or frequency. If the sec-
ond axis is given as velocity, it must be in the unit of
m s−1, and then it is converted in the unit of km s−1. If
the second axis is given as frequency, it is automatically
converted to velocity based on the line rest frequency
provided in the fits header.

The first phase of the analysis where edge and
ridge points are determined (with a method of
get edgeridge) requires inputs to limit which data of
a PV diagram are used. For the simplest use, one can
only give the output file name and the thr parameter:

impv.get_edgeridge(outname=‘filename’, thr=5)

outname — Header name of output files. The output
file will be, for example, outname.ridge.dat.

thr — The pixels where the intensity is higher than
this threshold are used for determining the ridge
points. The outermost radius (the highest velocity)
with this value is the edge radius (velocity). The
unit is the given rms noise level. Defaults to 5.

Then, edge/ridge radii and velocities will be calculated
using the whole radial and velocity ranges of a given
PV diagram following the method and criteria described
in Section 2. One might want to calculate edge/ridge
points only within limited radial and/or velocity ranges.
The following parameters can be used for such a case in
the method of get edgeridge:
xlim — When xlim = (a, b, c, d), the edge and ridge

radii are removed unless they are between a and b
or c and d.

vlim — Same as xlim but for the velocities.
Mlim — When Mlim = (a, b), the edge and ridge

points (ri, vi) are removed unless riV
2
i /G is between

a and b.

https://github.com/jinshisai/SLAM
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use position — Whether this process uses the edge
and ridge radii, i.e., xcut.

use velocity — Whether this process uses the edge
and ridge velocity, i.e., vcut.

These inputs allow to remove points that appear suf-
fering from any effect that this tool does not suppose,
such as the resolving-out effect in interferometric obser-
vations and a low signal-to-noise ratio (S/N). In addi-
tion, some of the filtering processes could be turned-on
and off through the following parameters in the method
of get edgeridge. All of which are True by default.
nanbeforecross — This switches on the removal of
lower velocities and smaller radii to combine the
xcut and vcut points.

nanbeforemax — This switches on the removal of the
edge and ridge radii (velocities) at velocities (radii)
lower (smaller) than the velocity (radius) with the
maximum radius (velocity).

nanopposite — This switches on the removal of the
points on the unexpected quadrants.

To avoid that only few points that has S/N much higher
than others control the power-law function fitting, the
inputs of minabserr and minrelerr are introduced in
the method of get edgeridge:
minabserr — This sets the minimum absolute error
for each edge or ridge point. The unit is the major-
axis of the observational beam for the radius, while
it is the channel width for the velocity. When
the absolute error bar for an edge or ridge point
is smaller than this value, it is replaced with this
value. Defaults to 0.1.

minrelerr — This sets the minimum relative error
for each edge or ridge point. When the relative
error bar for an edge or ridge point is smaller than
this value, it is replaced with this value. Defaults
to 0.01.

Ridge points can be derived through not only the
intensity-weighted mean but also the Gaussian fitting.
They can be switched using the following parameter in
the method of get edgeridge:
ridgemode — ‘mean’ or ‘gauss’. The method for de-
termining the ridge points: the intensity-weighted
mean radius (velocity) or the Gaussian-center ra-
dius (velocity). Defaults to ‘mean’.

The power-law fitting part (fit edgeridge) requires
inputs to define the model function.
include vsys — Whether the systemic velocity is a
free parameter.

include dp — Whether the difference between the
inner and outer power-law indices is a free param-
eter.

include pin — Whether the inner power-law index
is a free parameter.

fixed pin — The inner power-law index is fixed to
this value when it is not a free parameter.

fixed dp — The difference between the inner and
outer power-law indices is fixed to this value when
it is not a free parameter.

For example, the following command means that the

model function is the Keplerian rotation, which has only
one free parameter:

impv.fit_edgeridge(include_vsys=False,
include_dp=False,
include_pin=False,
fixed_pin=0.5,
fixed_dp=0,
calc_evidence=False).

The last input, calc evidence, is an optional parameter
and allows you to calculate a model evidence using the
dynesty package (?) when it is set to True. A model
evidence is the integral of a likelihood function over the
parameter space. One can calculate the Bayes factor
by taking a evidence ratio between two models, which
would be useful for discussing the goodness of fits among
different models (e.g., include pin=True versus False
in Section 4).

In addition, the PVAnalysis class provides meth-
ods for writing the obtained edge and ridge points to
a text file (write edgeridge(outname=’filename’)),
outputting the fitting results in the terminal win-
dow (output fitresult()), and plotting PV diagrams
with the ridge/edge points and the best-fit curves
(plot fitresult()).

3.2. OUTPUTS

The main output is the best-fit parameters, rb, vb, pin,
dp, and vsys with their error bars; the error bar is zero
when the parameter is not free. In addition, ranges
of radius and velocity are calculated using the best-
fit model function, as summarized in Figure 3. With
only xcut, the highest velocity, vhigh, is the highest ve-
locity among the velocities where edge/ridge radii are
obtained. Then, the innermost radius rin is calculated
from Equation (3) as the radius at v = vhigh, i.e.,
rin = Rfit(vhigh). The pair of (rout, vlow) is similarly
defined in the case with only xcut. With only vcut, the
innermost radius, rin, is the smallest radius among the
radii where edge/ridge velocities are obtained. Then,
the highest velocity vhigh is calculated from Equation
(3) as the velocity at r = rin, i.e., vhigh = Vfit(rin). The
pair of (rout, vlow) is similarly defined. With the combi-
nation of xcut and vcut, (rin, vhigh) is defined as in the
case with only xcut, while (rout, vlow) is defined as in
the case with only vcut. This is inner, higher-velocity
points in the xcut set and outer, lower-velocity points
in the vcut set are supposed to be combined to obtain
the final edge/ridge points (Section 2.1) in the case with
both xcut and vcut. These definitions of (rin, vhigh) and
(rout, vlow) for different cases are illustrated in Figure 3.
From the pair of (rb, vb), the central stellar mass can

be calculated as M∗ = v2brb/G/ sin2 i, where G is the
gravitational constant and i is the inclination angle. Es-
timation of the inclination angle is out of the scope of
this tool; the inclination angle is often estimated from
the aspect ratio of the associated (sub)mm continuum
emission or independent modeling of the associated out-
flow. If the power-law index pin is significantly differ-
ent from the Keplerian index 0.5, the estimated M∗
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Figure 3. Illustration of definitions of (rin, vhigh) and (rout,
vlow) in cases of (a) xcut-only, (b) vcut-only, and (c) the com-
bination of xcut and vcut. Dashed lines indicate the best-
fitted power-law function and crosses denote points where
(rin, vhigh) and (rout, vlow) are defined.

does not have a physical meaning of the central stel-
lar mass. This tool also provides two more masses:

Min = v2highrin/G/ sin2 i and Mout = v2lowrout/G/ sin2 i.
This tool also outputs two text files and four figure

files. Two text files are produced by the method of
write edgeridge(). One of the two text files shows the
pairs of ridge (ri, vi) with their error bars. The error bar
of ri (vi) is zero for the vcut (xcut) points. The other
text file similarly shows the edge pairs. Two figures show
the corner plots produced by the MCMC fitting, which
are produced by the method of fit edgeridge(). One
figure is for the ridge fitting, and the other is for the
edge fitting. The remaining two figure are produced by
the method of plot fitresult() and shows a PV di-
agram with the edge and ridge points and the best-fit
curves; one figure for the linear scale and one figure for
the logarithmic scale. The logarithmic PV diagram is
produced by calculating the mean between the first- and
third-quadrants (or second- and forth-quadrants) of the
linear PV diagram. When the systemic velocity is a free
parameter, the mean of the edge- and ridge-systemic ve-
locities is used to calculate the logarithmic PV diagram.

4. EXAMPLES WITH OBSERVATIONAL DATA

Figure 4 shows the result of our tool using an actual
observational data set3 of a molecular line in a proto-
stellar system that consists of a disk and an envelope.
Figure 4(a) shows a PV diagram along the major axis
of the disk. The abscissa is the distance from the cen-
tral protostellar position, i.e., radius in the unit of au
(distance is 140 pc), while the ordinate is the velocity
relative to the systemic velocity (6.4 km s−1). This dia-
gram shows a tendency that the emission is closer to the
center at higher velocities. Because PV diagrams along
the disk major axis are used to investigate the relation
between the rotational velocity and the radius, this ten-
dency can be interpreted as a spin-up rotation i.e., the
rotational velocity is higher at a position closer to the
central protostellar position. The points in Figure 4 are
the edge/ridge xcut/vcut points; the triangles and cir-
cles are the edge and ridge points, respectively, while the
red/blue and pink/cyan points denote the xcut and vcut
points, respectively. These points successfully trace the
spin-up tendency in the PV diagram.

Figures 5 and 6 show the edge and ridge points plotted
in 1D intensity profiles with which the edge or ridge
points are obtained. The xcut and vcut points in these
figures are before combined. The panels without the
edge or ridge point (blue or red dashed line) have S/N
ratios not enough to obtain these points. The offsets of
the vcut profiles are sampled at the Nyquist rate. The
ridge points trace the peak offset and velocity of each
1D intensity profile, and the edge points trace an outer
position and velocity of the profile, which demonstrate
that the edge and ridge points are well-defined.

To describe the radial profile of rotational velocity, a
broken power-law function is adopted that fixes pin =

3The project codes of the data used in this demonstration are
2013.1.01086.S and 2015.1.01415.S. The targeted protostar has
a name of TMC-1A. The angular resolution is 0.′′12 × 0.′′08
(P.A.=35◦). The velocity resolution is 0.35 km s−1. The PV
diagram is produced with a cut at P.A.=75◦.
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(a)

(b)Figure 4. Edge points, ridge points, and the best-fit power-
law function overlaid in a position-velocity diagram on the
(a) linear and (b) logarithmic scales. The velocity is relative
to the systemic velocity 6.4 km s−1. The triangles and circles
are the edge and ridge points, respectively. The red and
blue points are the xcut points, while the pink and cyan
points are vcut points. The xcut points have error bars in
the positional direction. The vcut points have error bars in
the velocity direction. The dashed and solid curves show the
best-fit power-law functions for the edge and ridge points,
respectively. The contour levels are ±3, ±6, and ±9σ, where
1σ is 1.7 mJy beam−1.

0.5 (Keplerian rotation) and vsys = 6.4 km s−1, while
varying vb, rb, and dp in the MCMC fitting. The gray
curves in Figure 4 show the best-fit power-law functions;
the dashed and solid curves show those for the edge and
ridge points, respectively.

Figure 7 shows the mean (panel a) and the autocor-
relation (panel b) of the three parameters sampled in
the MCMC fitting as a function of the step. This fig-
ure shows the results for the ridge points; the results for
the edge points similarly show the following results. In
Figure 7(a), the denser blue lines show the mean val-
ues among the 16 chains, while the cyan lines show the
mean ± the standard deviation among the chains. Dif-
ferent lines with the same color show three independent
results to inspect the effect of any random number in

the MCMC fitting. In Figure 7(b), the denser blue lines
show the autocorrelation of the parameter offset from
the mean among the steps. This autocorrelation is cal-
culated using neighboring 5000 steps in Figure 7(a) and
normalized by the maximum value at the no delay point.
The cyan lines show the mean ± the standard deviation
of the autocorrelation among the chains. The mean-
ing of different lines with the same color is the same
as in Figure 7(a). These figures show that the sam-
pled parameters are converged after 2000 steps, with
the adopted number of walkers per parameter 16. In
other words, the parameters sampled after 2000 steps
are not correlated with the initial values. This supports
the numbers of walkers and the burn-in steps (Section
2.2).

Figures 8 shows corner plots of the posterior distribu-
tion of the three free parameters obtained in the MCMC
fitting, using 2000 steps after the burn-in. The poste-
rior distribution is well sampled with the 2000 steps.
The blue lines and points denote the parameter set that
provides the smallest χ2. This parameter set is close
to the 50 percentile parameter set, indicating that the
50 percentile can be adopted as the best-fit parameter
set. The best-fit three parameters are listed in Table 1.
The evidence of the posterior distribution was calculated
through dynesty to be ∼ 2.3×10−15 for the edge points
and ∼ 1.1 × 10−41 for the ridge points. The parameter
dp means that the outer power-law index is ∼ 0.9 in
the edge method and ∼ 1.2 in the ridge method, which
may suggest a rotation with a constant specific angular
momentum (vrot ∝ r−1). Because the inner power-law
index is assumed to be the Keplerian-rotation index, rb
is interpreted as the boundary radius between a Keple-
rian disk and a surrounding envelope: rb ∼ 100–120 au.
This radius is consistent with the disk radius reported
by ? with multiple analyses and modeling to the same
target. The difference of rb between the edge and ridge
methods is > 2 times larger than the error bar of each
rb. Similarly, the difference of vb between the edge and
ridge methods is much larger than the error bar of each
vb.

Using the best-fit power-law function, the two masses
Min and Mout are calculated; their error bars are also
calculated through error propagation (Table 2). Previ-
ous works estimated the inclination angle of this system
to be i = 51◦ (?) and 53◦ (?). Hence, we adopt i = 50◦

for this example calculation. Mb is the same as Min

in this fitting because the inner power-law index pin is
fixed at 0.5 (Keplerian rotation). Hence, Min(= Mb) is
the central stellar mass estimated from this fitting. The
edge mass and ridge mass are thought to provide an up-
per limit and a lower limit of the central stellar mass,
respectively, i.e., M∗ ∼0.8−1.2 M⊙. The mass before
the inclination correction, M∗ sin

2 i = 0.5 − 0.7, is con-
sistent with the one reported for the same target by ?,
M∗ sin

2 i = 0.56± 0.05 M⊙. The derived error bars for
Min and Mout are a few times smaller than the differ-
ence between the edge and ridge masses. This suggests
that the uncertainty of the stellar mass estimation is
dominated by the difference between the edge and ridge



34 Y. ASO & J. SAI

Figure 5. The xcut points plotted in 1D intensity profiles. The blue and red points are the edge and ridge points, respectively.
Each panel shows a 1D intensity profile where the abscissa is the offset from the central position. The velocity (not relative
to the systemic velocity but absolute) of each profile is denoted on the upper right corner of each panel in the unit of km s−1.

Figure 6. The vcut points plotted in 1D intensity profiles. The blue and red points are the edge and ridge points, respectively.
Each panel shows a 1D intensity profile where the abscissa is the velocity (not relative to the systemic velocity but absolute).
The positional offset of each profile is denoted on the upper right corner of each panel in the unit of arcsecond.
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(a) parameters

(b) autocorrelationsFigure 7. The three parameter (panel a) and their autocorre-
lation (panel b) obtained in the MCMC fitting. The denser
blue lines show the mean, while the cyan lines show the mean
± the standard deviation among 16 chains. Different lines
with the same color show three independent results to in-
spect the impact of any random number in the MCMC fit-
ting. The autocorrelation is calculated using neighboring
5000 steps and normalized by the maximum value at the no
delay point.

Table 1. The best-fit parameters in Section 4

rb (au) vb (km s−1) dp

Edge 103.4± 8.9 2.45± 0.12 0.37± 0.11
Ridge 123.0± 2.3 1.86± 0.02 0.67± 0.11

vb is not corrected by the inclination factor of sin i.

methods. Because dp is significantly different from zero,
Mout no longer has a meaning of the central stellar mass.
The best-fit power-law function is also used to calculate
the r and v ranges of the edge and ridge points (Table
2). Using this range, Mout can be converted to a spe-
cific angular momentum: j =

√
GMoutrout ∼360 and

290 km s−1 au in the edge and ridge methods, respec-
tively.

As another example, a case with include pin=True

(a)

(b)Figure 8. Corner plots of the three parameters, rb in the
unit of au, vb in the unit of km s−1, and dp, searched in
the MCMC fitting with emcee to the (a) edge and (b) ridge
points. The blue lines and points show the parameter set
that provides the smallest χ2. The dashed lines show the 16,
50, and 84 percentiles of the posterior distribution of each
parameter.

is performed, i.e., the inner power-law index is not
fixed to the Keplerian law. The bast-fit parameters
of the edge method are (rb, vb, pin, dp) = (83.3 ±
9.8 au, 2.82 ± 0.18 km s−1, 0.41 ± 0.04, 0.37 ± 0.06).
Those of the ridge method are (123.9 ± 2.7 au, 1.83 ±
0.03 km s−1, 0.53±0.01, 0.58±0.12). The masses are cal-
culated to be (Min,Mb,Mout) = (1.08±0.24 M⊙, 1.27±
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Table 2. Values calculated from the best-fit power-law function

r range (au) v range (km s−1) Min (= Mb; M⊙) Mout (M⊙)

Edge 37.0 – 185.5 1.48 – 4.10 1.20±0.15 0.78±0.17
Ridge 27.2 – 157.5 1.39 – 3.95 0.82±0.02 0.59±0.04

Min = Mb because pin is fixed at 0.5 (Keplerian rotation). M is inclination-corrected, while the v range is not inclination-corrected.
Note Mout no longer has a meaning of the central stellar mass because dp > 0.

0.22M⊙, 0.81±0.21M⊙) in the edge method, while they
are (0.87± 0.04 M⊙, 0.79± 0.03 M⊙, 0.59± 0.05 M⊙) in
the ridge method. When the error bars are included, the
estimated rb, vb, and dp are overall close to those esti-
mated in the example with the fixed pin. The estimated
inner index pin is close to the Keplerian law, 0.5, in both
methods, supporting pin = 0.5 fixed in the previous ex-
ample. In addition, the evidence is ∼ 0.8 × 10−15 for
the edge points and ∼ 0.4× 10−41 for the ridge points.
These are ∼ 3 times lower than those for the pin-fixed
case, implying that the pin-fixed model could be better
the pin-varied model. When pin is not exact 0.5, Min

and Mb are not exactly the same. In this case, a middle
value between these masses will provide a reasonable es-
timate of the stellar mass (M∗ ∼ 1.3 and 0.8 M⊙ in the
edge and ridge methods, respectively), which is consis-
tent with the example with the fixed pin.
The fitting in the examples above used fixed values

for the systemic velocity, the distance to the target,
and the inclination angle. Among them, the systemic
velocity can be incorporated in the fitting, if neces-
sary, by setting include vsys=True, while the distance
and inclination angle need to be estimated outside our
tool. When the uncertainties of the distance d and
the inclination angle i (in the unit of radian) are ∆d
and ∆i, respectively, these cause additional uncertain-
ties for estimated radius r, velocity v, mass M , and
specific angular momentum j as ∆r = r∆d/d, ∆v =

v∆i/ tan i, ∆M = M
√
4(∆i)2/ tan2 i+ (∆d)2/d2, and

∆j = j
√

(∆i)2/ tan2 i+ (∆d)2/d2). For example, when
∆d/d = 0.05, ∆i = 3◦, and i = 50◦, ∆r/r = 0.05,
∆v/v = 0.04, ∆M/M = 0.09, and ∆j/j = 0.06.

5. DISCUSSION

The example in the previous section demonstrates that
our tool can provide a disk radius and a central stel-
lar mass separately with the edge and ridge methods.
The best-fit function including the outer power-law in-
dex also enables to calculate a specific angular momen-
tum. The MCMC fitting provides a statistical error of
each free parameter and the central stellar mass. In ad-
dition to the statistical error, the obtained disk radius
and central stellar mass have uncertainties due to the
difference between the edge and ridge methods. In the
example presented in Section 4, the difference between
the estimated stellar masses by the two methods is larger
than the statistical errors in the edge and ridge meth-
ods by a factor of ∼ 20 and ∼ 3, respectively. Thus, our
tool adopts the edge and ridge values as upper and lower
limits. Although previous works suggest how much the
two methods over- or underestimates the central stellar

mass (e.g., ??), this is beyond the scope of our tool at
this moment.

5.1. CAVEATS

Lastly, we note caveats in the usage of our tool. First
of all, how accurately the method in our tool estimates
physical quantities (M∗, Rdisk, p, j, etc.) is still un-
der heated debate, with other questions such as which
of edge and ridge methods is better, whether these an-
alytical methods are sufficient for a certain purpose or
making a model with radiative transfer is necessary. The
references in this report help to understand the current
situation. In other words, it is currently difficult to eval-
uate any systematic error of the physical quantities. Our
tool thus provides only a statistical error that originates
in the given observational noise level. The statistical
error is often smaller than differences due to choice of
methods and parameters, such as edge versus ridge and
Min versus Mb. Hence, we emphasize that each free pa-
rameter could have uncertainties larger than the statisti-
cal error. The free parameters are selected on a case-by-
case basis and could contribute to the uncertainty. For
example, when pin is not 0.5 but close to 0.5, the fit-
ting provides different Min and Mb. In comparison, the
two masses are the same if pin is fixed to be 0.5, which
may be justified by theoretical prediction (an inner ro-
tation must be in the Keplerian rotation). Hence, we
recommend trying multiple parameter settings (single-
power, double-power, fixing and varying pin and pout,
etc.) to check how robust a result is. For example, when
a double-power fitting provides rb close to the innermost
or outermost radius, this result suggests that the single-
power model is better than the double-power model in
the given PV diagram. In such a double-power case, a
power-law index tends to be strangely high or low simply
because there are too few points on the inner (r < rb) or
outer (r > rb) side. Similarly, when a double-power fit-
ting provides pin close to the Keplerian index, 0.5, such
as the second example in Section 4, it may be better to
fix pin = 0.5 because the Keplerian rotation is supported
by physics, and fixing pin may provide a better model
in the sense of the evidence ratio, i.e., the Bayes factor.

The contribution of infall motion is also controversial.
Although PV diagrams along the disk major axis are
supposed to trace rotation in the system, the observed
velocity is the line-of-sight component of a combination
of rotation and infall motions. The outer power-law in-
dex is introduced based on a picture where gas is in-
falling and thus following a lower power-law index in an
outer part than in an inner part. Because the infall ve-
locity is expected to be proportional to r−0.5, as is the
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case with free fall, and is more dominant than rotation
in outer radii, the infall motion could cause pout to be
closer to 0.5. Whether an infall motion is dominant can
be verified by using a 2D distribution of the mean ve-
locity (moment 1) and checking the quadrants in a PV
diagram where emission is not expected in the case only
with rotation. When the observed system includes in-
falling gas, the PV diagram along the disk major axis
has emission in all the four quadrants, which could shift
the edge and ridge points from the radius/velocity in
the case only with rotation. In such a case, it is worth-
while to try limiting the velocity range to high velocities
where emission is seen only in two quadrants to focus
on the rotation-dominant part.

6. SUMMARY

We have developed the pvanalysis tool, which is imple-
mented in a python library SLAM. The main objective of
this tool is to kinematically identify disks around YSOs
in the protostellar phase, which are embedded in in-
falling envelopes, by analyzing PV diagrams of emission
line data. As presented in Section 2 and 3, the straight-
forward concept and usage of this tool make it highly
accessible to examine Keplerian rotation of the disks. In
Section 4, we demonstrated the application of this tool

to real observational data, which highlights its ability to
extract key observational features and to distinguish be-
tween the rotational motions of a disk and an infalling
envelope. It is important to acknowledge that certain
uncertainties still exist, which are currently not taken
into account in the tool. These include systemic errors
inherent in the method itself and potential contamina-
tion from infalling velocities, as discussed in Section 5.
Nevertheless, the analytic approach of the pvanalysis
tool with few assumptions and its simple usage would
be a great asset for identifying disks in the protostel-
lar phase and measuring the dynamical mass of central
objects.
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