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Abstract

In this era of Gaia and ALMA, dynamical stellar mass measurements, derived from spatially and spectrally
resolved observations of the Keplerian rotation of circumstellar disks, provide benchmarks that are independent of
observations of stellar characteristics and their uncertainties. These benchmarks can then be used to validate and
improve stellar evolutionary models, the latter of which can lead to both imprecise and inaccurate mass predictions
for pre-main-sequence, low-mass (�0.5 Me) stars. We present the dynamical stellar masses derived from disks
around three M stars (FP Tau, J0432+1827, and J1100–7619) using ALMA observations of 12CO (J=2–1) and
13CO (J=2–1) emission. These are the first dynamical stellar mass measurements for J0432+1827 and
J1100–7619 (0.192± 0.005Me and 0.461± 0.057Me, respectively) and the most precise measurement for FP
Tau (0.395± 0.012Me). Fiducial stellar evolutionary model tracks, which do not include any treatment of
magnetic activity, agree with the dynamical stellar mass measurement of J0432+1827 but underpredict the mass
by ∼60% for FP Tau and by ∼80% for J1100–7619. Possible explanations for the underpredictions include
inaccurate assumptions of stellar effective temperature, undetected binarity for J1100–7619, and that fiducial stellar
evolutionary models are not complex enough to represent these stars. In the former case, the stellar effective
temperatures would need to be increased by amounts ranging from ∼40 to ∼340 K to reconcile the fiducial stellar
evolutionary model predictions with the dynamically measured masses. In the latter case, we show that the
dynamical masses can be reproduced using results from stellar evolutionary models with starspots, which
incorporate fractional starspot coverage to represent the manifestation of magnetic activity. Folding in low-mass M
stars from the literature and assuming that the stellar effective temperatures are imprecise but accurate, we find
tentative evidence of a relationship between fractional starspot coverage and observed effective temperature for
these young, cool stars.

Unified Astronomy Thesaurus concepts: Stellar masses (1614); Stellar evolutionary models (2046); Protoplanetary
disks (1300); CO line emission (262)

Supporting material: figure sets

1. Introduction

M-type stars are the most common hosts of planetary
systems in the local Galaxy(e.g., Henry et al. 2006; Dressing
& Charbonneau 2015; Mulders et al. 2015; Henry et al. 2016).
Accurate characterization of the stars’ masses at young ages
(i.e., pre-main-sequence (pre-MS)) provides critical insight into
their thermal and radiative environment, and consequently the
chemical conditions where planets form.

Stellar evolutionary models are often used to predict the
masses of young stars from observational estimates of their
luminosities and effective temperatures. These masses are a key
property for understanding not only individual stellar evolution
but also entire star-forming regions, as mass is crucial for
building initial mass functions and other statistical analyses of
large populations of stars(e.g., Hillenbrand 1997).

Unfortunately, characterizing low-mass (�0.5 Me), pre-MS
stars is observationally and theoretically challenging. Observa-
tionally, uncertainties on the observed effective temperatures
and luminosities lead to imprecise model predictions. Theore-
tically, these stars are convective, have not yet reached
hydrostatic equilibrium, and can exhibit strong magnetic
activity, all of which are difficult states to model. Stellar
evolutionary models that intrinsically simplify these complex
physics can lead to inaccurate mass predictions. Different
models can also assign different luminosities and effective
temperatures to the same stellar mass and age, making
comparison across models difficult(e.g., Hillenbrand &
White 2004; Bell 2012; Stassun et al. 2014; Feiden 2016b).
These uncertainties highlight the importance of benchmark-

ing stellar evolutionary model predictions for the young, low-
mass stellar regime. Benchmarks in this context are stars for
which fundamental stellar properties, namely, mass, have been
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independently, precisely, and accurately measured. Pre-MS star
systems with circumstellar disks can be ideal benchmarks,
because the Keplerian rotation profiles of the disks, observed in
molecular line emission, can be used to dynamically estimate
the stellar masses(e.g., Koerner et al. 1993; Dutrey et al. 1998;
Guilloteau & Dutrey 1998; Simon & Stars 2001; Rosenfeld
et al. 2012). Within the past half-decade, well-resolved
molecular emission from the Atacama Large Millimeter/
submillimeter Array (ALMA) has enabled tight constraints on
these disk-based dynamical masses, while precise parallax
measurements from Gaia(e.g., Gaia Collaboration et al.
2016, 2018) have eliminated the linear distance degeneracy
intrinsic to rotation-based dynamical estimates. These techno-
logical advancements have greatly improved dynamical mass
measurements from circumstellar disks, permitting fainter
targets and increasing measurement precision(e.g., Lindberg
et al. 2014; Czekala et al. 2015, 2016; White et al. 2016;
Czekala et al. 2017; Simon et al. 2017; Wu & Sheehan 2017;
Czekala et al. 2019; Simon et al. 2019).

Recently, Simon et al. (2019) presented dynamical stellar
masses of 0.10–2.11Me measured from 38 disks around unary,
binary, and ternary systems in the Taurus and Ophiuchus star-
forming regions. These dynamical masses were either (1)
newly measured or (2) updated from previous publications
using precise Gaia distance measurements. The authors found
that stellar evolutionary models without any treatment of
magnetic fields underpredicted masses in the dynamically
measured ∼0.4–1.4 Me range by ∼30% relative to the
dynamical mass.

To date, however, stellar evolutionary model performance
for low-mass M stars remains poorly characterized, simply
because so few benchmarks exist for M stars �0.5 Me. Disk-
based dynamical mass measurements for low-mass M stars are
more difficult owing to their relatively small and faint disks,
often necessitating high-resolution and high-sensitivity obser-
vations to distinguish the Keplerian structure. The aforemen-
tioned compilation of Simon et al. (2019) presents dynamical
masses for nine �0.5 Me unary stars: two have stellar masses
of 0.1 and 0.3 Me, another three are from 0.36 to 0.38 Me, and
the final four are from 0.41 to 0.47 Me. Five Keplerian disk
candidates from the Orion Nebula cluster are presented in
Boyden & Eisner (2020) with dynamical stellar masses �0.5
Me, but the authors noted that cloud contamination and
low signal-to-noise ratio observations are likely affecting
their measurements, and they called for higher-sensitivity

observations to confirm the measurements and reduce the mass
uncertainties. There are also existing low-mass benchmarks in
multistar systems, such as the low-mass stellar companion (DH
Tau, 0.10 Me) presented in the Sheehan et al. (2019) study, but
we focus on unary star systems in this work. In light of the
uncertainties and inaccuracies of model predictions found for
existing pre-MS benchmarks(e.g., Hillenbrand & White 2004;
López-Morales & Ribas 2005; Mathieu et al. 2007; Gennaro
et al. 2012; Tognelli et al. 2012; Stassun et al. 2014;
Feiden 2016b; Simon et al. 2019), studies have called for (1)
more precise constraints on luminosity and effective temper-
ature, (2) more dynamical low-mass benchmarks, and (3) more
concrete evaluation of stellar evolutionary model performance
for young, cool stars (e.g., Mathieu et al. 2007; Simon
et al. 2019).
In this study, we present in-depth analysis of dynamical

masses, measured using the code DISKJOCKEY(e.g., Czekala
et al. 2015, 2016), for three unary low-mass M stars (�0.5 Me)
with protoplanetary disks. Two of these masses have not been
dynamically estimated before, while the third is now measured
with higher precision. We also evaluate the performance of
stellar evolutionary models with varying degrees of magnetic
activity for these low-mass stars. In Section 2, we briefly
discuss the three star+disk systems, observations, data
reduction, and data formatting. In Section 3, we describe the
disk model and our inference procedure, implemented in the
DISKJOCKEY codebase. In Section 4, we present the con-
strained stellar masses based on the 12CO (J=2–1) and 13CO
(J=2–1) emission, the median disk models, and the residuals,
and we compare them to fiducial stellar evolutionary model
predictions. In Section 5 we discuss our results in the context of
the other existing low-mass benchmarks and of different stellar
evolutionary models, and in Section 6 we summarize our
findings.

2. Data

2.1. Sample

Our sample (Table 1) contains three of the five star+disk
systems (FP Tau, J0432+1827, J1100–7619, J1545–3417, and
Sz 69) presented in Pegues et al. (2021). These systems were
known to be bright in 12CO (J=3–2) and 13CO (J=3–2)
from existing ALMA disk surveys(e.g., Ansdell et al. 2016;
Long et al. 2017; G. van der Plas et al. 2020, in preparation).
We have excluded the two systems (J1545–3417 and Sz 69)

Table 1
Characteristics of the Sample

Disk R.A.[0] Decl.[0] Region Dist.[0] Spectral L*
[ ]Mfid
1 [ ]tfid

1 [ ]Teff
2

(J2000) (J2000) (pc) Type (Le) (Me) (Myr) (K)

FP Tau 04:14:47.31 26:46:26.06 Taurus -
+128 2

2 M4[3] -
+0.269 0.029

0.033
-
+0.240 0.066

0.091
-
+1.0 0.7

0.6
-
+3311 149

156

J0432+1827 04:32:22.12 18:27:42.36 Taurus -
+141 3

3 M4.75[ ]4
-
+0.076 0.018

0.024
-
+0.174 0.048

0.083
-
+2.5 1.3

3.8
-
+3162 142

149

J1100–7619 11:00:40.14 −76:19:28.00 Cha. I -
+190 4

4 M4[ ]5
-
+0.145 0.053

0.085
-
+0.251 0.042

0.051
-
+2.0 1.0

3.0
-
+3311 75

77

Note. Right ascension (R.A.) and declination (decl.) coordinates and distances (Dist.) are from Gaia(e.g., Gaia Collaboration et al. 2016, 2018). Cha. I is an
abbreviation of Chamaeleon I. Stellar effective temperatures (Teff) were estimated from the spectral types using the logarithmic conversion illustrated in Figure 9 of
Luhman et al. 2003. See Section 5.2.1 for discussion of spectral types and effective temperatures assumed in other works. The stellar luminosities (L*) were calculated
using the spectral types, effective temperatures, and Gaia distances and the methodology of Andrews et al. (2018). The stellar masses (Mfid) and stellar ages (tfid) are
predictions from tracks given by the MESA Isochrones and Stellar Tracks code(MIST; Dotter 2016; Choi et al. 2016), which used the listed effective temperatures
and luminosities as inputs. These fiducial model estimates do not account for magnetic fields. *: J0432+1827 and J1100–7619 are abbreviations of J04322210
+1827426 and J11004022–7619280, respectively. They are also known as MHO 6 and T10, respectively, in the literature. [0] Gaia Collaboration et al. (2016, 2018);
[1] Dotter (2016); Choi et al. (2016); [2] Luhman et al. (2003); [3] Kenyon & Hartmann (1995) using optical photometry; [4] Briceño et al. (2002) using optical
spectroscopy; [5] Manara et al. (2017) using optical spectroscopy.
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that are severely cloud contaminated in both 12CO (J=2–1)
and 13CO (J=2–1) emission. The system with the biggest
disk, J1100–7619, is located in the Chamaeleon I star-forming
region and hosts an M4 star(Manara et al. 2017). The other
two systems, FP Tau and J0432+1827, are both located in the
Taurus star-forming region and host M4 and M4.75 stars,
respectively(Kenyon & Hartmann 1995; Briceño et al. 2002).
The assumed spectral types, stellar luminosities, and stellar
effective temperatures were extracted from the literature and
are listed in Table 1. Using these assumed effective
temperatures and luminosities as model inputs, tracks from
the fiducial stellar evolutionary model(the MIST code;
Dotter 2016; Choi et al. 2016) predict stellar masses for the
three systems of -

+0.240 0.066
0.091 Me (FP Tau), -

+0.174 0.048
0.083 Me

(J0432+1827), and -
+0.251 0.042

0.051 Me (J1100–7619). “Fiducial”
here refers to models that do not include any treatment of
magnetic activity. As stellar evolutionary model predictions of
ages are especially uncertain for these stars, due to nearly
vertical model tracks in the low-mass pre-MS regime, we focus
on the model predictions of mass within this paper.

2.2. Observations, Reduction, and Formatting

All three star+disk systems were observed during the
Atacama Large Millimeter/submillimeter Array (ALMA)
Project 2017.1.01107.S from 2017 December to 2018 Septem-
ber. On-source integration times per observation execution
were ∼19–40 minutes. The native spectral resolution was
70.56 kHz (∼0.09 km s−1) and 141.11 kHz (∼0.18 km s−1) for
12CO (J=2–1) and 13CO (J=2–1), respectively. The angular
resolution was 0 13–0 27, and the maximum angular scale
was 2 49–3 94. For more details of the observations and a
description of the data reduction, refer to Pegues et al. (2021).

After data reduction, the 12CO and 13CO emission was
imaged with beam sizes of 0 24–0 41. The channel maps are
displayed in Appendix A. The channel spacings were averaged
and the channel ranges were restricted to reduce the total data
volume of the measurement set (ms) files, while still preserving
sensitivity to the Keplerian rotation of the disk. The channel
spacings and ranges are illustrated in Figure 1. We used
channel spacings of 0.40 km s−1 for 12CO and 13CO toward FP
Tau, 0.20 km s−1 for 12CO and 13CO toward J0432+1827, and
finally 0.08 km s−1 for 12CO and 0.10 km s−1 for 13CO toward
J1100–7619. J1100–7619 required the highest spectral resolu-
tion owing to its lowest inclination angle. For FP Tau, we
considered velocity channels within 1.00–7.80 km s−1 and
8.40–15.00 km s−1. These ranges exclude the cloud contam-
ination seen near the systemic velocity in the channel maps for
this disk. For J0432+1827, we considered channels within
0.60–10.40 km s−1. Finally, we considered channels within
3.15–6.27 km s−1 and 2.75–6.55 km s−1 for 12CO and 13CO,
respectively, toward J1100–7619.

3. Modeling

3.1. DiskJockey

We used the code DISKJOCKEY(Czekala et al. 2015;
Czekala 2016) to infer the stellar masses of the three star
+disk systems. DISKJOCKEY works by forward-modeling the
Keplerian rotation of a given disk. The underlying parametric
disk model is described in Section 3.2. We represent the
Keplerian rotation for each disk using the observed 12CO
(J=2–1) and 13CO (J=2–1) molecular line emission.

DISKJOCKEY performs all model fits and comparisons directly
on the interferometric visibilities of the observations. It uses
RADMC-3D(Dullemond et al. 2012) to perform radiative
transfer and simulate the line emission. Imaging of the median
model and residuals is performed as the very last step of
inspection.

3.2. The Disk Model

DISKJOCKEY adopts the disk model described in detail by
Rosenfeld et al. (2012). Here we briefly describe the
assumptions and the relevant parameters of the model. Possible
systematic errors due to the assumptions are discussed in
Section 4.2.
The model assumes that the disk is geometrically thin and

axisymmetric. The gas is assumed to be in hydrostatic
equilibrium with a vertically isothermal temperature structure.
The disk model is Keplerian, with stellar massM* and systemic
velocity vsys in the local standard of rest (LSR) frame. ξ is the
nonthermal contribution to the line broadening, assumed to be
constant across the disk. The disk is a distance d away. Its
orientation is described completely by the position and
inclination angles θPA and θinc, respectively. θPA is measured
east of north, and θinc is defined such that θinc= 0° is face-on
and θinc=90° is edge-on. The disk center is offset from the
image center along the R.A. and decl. axes by μRA and μdecl.,
respectively.
The radial gas temperature T{r} of the disk model is

described by a power law, with exponent q and a fixed
temperature at 10 au of T10. The volume density is assumed to
be Gaussian, with a scale height dependent on the radial
temperature profile. The surface density profile Σ{r} is the
similarity solution for a viscous accretion disk(Lynden-Bell &
Pringle 1974). The profile takes the form of an exponentially
tapered power law, with exponent γ, characteristic radius rc,
and characteristic surface density Σc. Σc is calculated from the
mass of the molecular gas disk, Mgas.
To calculate the molecular gas disk mass (Mgas), DIS-

KJOCKEY assumes that the abundance ratio of 12CO relative
to hydrogen nuclei is a constant equal to 1.5×10−4. The
abundance ratios of 13CO and C18O relative to 12CO are
assumed to be constants equal to 1/69 and 1/557, respectively.
Altogether, this parametric disk model contains 13 para-

meters: seven primary geometric parameters {M*, d, θPA, θinc,
μRA, μdecl., vsys} and six structural profile parameters {ξ, T10, q,
rc, γ, Mgas}. The Mgas parameter is treated in log-space within
DISKJOCKEY, while all other parameters are treated in linear
space. Given that the 12CO and 13CO emission is likely
optically thick for the three star+disk systems, the six structural
parameters only describe the optically thick surfaces of the
observed emission. They are not representative of the disks’
true midplane temperature and surface density profiles. The
dynamical mass measurement is not significantly affected by
this approach to parameterizing the CO surface (see discussion
in Section 4.2).

3.3. Modeling Procedure

DISKJOCKEY infers the parameters of the model using
EMCEE(Foreman-Mackey et al. 2013), a Markov Chain Monte
Carlo (MCMC) approach. All parameters and uniform priors
are listed in Table 2. We fixed d to the precise distances
provided by Gaia. We also fixed γ to 1.0, similarly to previous
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works(e.g., Rosenfeld et al. 2012; Czekala et al. 2015, 2019),
which reduces the surface density profile into a tapered power
law. We then used DISKJOCKEY to infer the remaining 11
parameters. We assigned a total of 275 MCMC chains for each
disk and each CO line. Initial parameter values for each chain
were selected randomly from broad uniform distributions,

which were informed by/adjusted from inspection of the 12CO
emission and estimates for solar-type disks(e.g., Andrews
et al. 2011).
We ran the chains for each disk for at least 1000 steps, with

the number of steps increased per model until apparent
convergence. We qualitatively estimated sufficient convergence

Figure 1. Comparisons of the data and constrained DISKJOCKEY models for the 12CO and 13CO emission. The rows from top to bottom show the results for FP Tau
12CO and 13CO, J0432+1827 12CO and 13CO, and J1100–7619 12CO, respectively. The first, second, and third columns show velocity-integrated emission maps of
the data, model, and residuals, respectively, while the fourth column shows the corresponding spectra. Beam sizes are drawn in the lower right corners of each map.
The spectra were extracted from within the dashed gray contours overlaid in the first through third columns. These gray contours extend to the Keplerian mask
boundaries used for 12CO toward these disks in Pegues et al. (2021). The velocity channels included in each fit are highlighted in light gray in the fourth column.

Contours for the residuals in the third column correspond to±[3σ, 5σ, 10σ, 20σ,...], where σ is estimated roughly as s s= DV Nchan chan
2 , where ΔV is the channel

spacing, Nchan is the number of channels included in the fit, and σchan is the channel rms (as estimated in Pegues et al. 2021). No model is shown for 13CO toward
J1100–7619 because that model was unconstrained.
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using the percent slope changes (i.e., the slope relative to the
final parameter value, described below) of the median, 16th
percentile, and 84th percentile across all chains for each
parameter. For all disks and all parameters (including structural
parameters), the percent slope changes over the last 500 steps of
the chains were less than 0.02%. For M* and the other primary
parameters, the percent slope changes over the last 500 steps
were <0.005% for all lines and disks. These final 500 steps
formed the sampling distribution for each line and disk. The full
chains, along with corner plots of the sampling distributions, are
available as Figure Sets for 12CO and 13CO in Appendix B and
Appendix C, respectively.

We used the median parameter values of the sampling
distributions as the final parameter estimates and to construct
the median model (interpreted here as the “best” model) for
each disk. We then used the 16th and 84th percentiles of the
sampling distributions as the lower and upper uncertainties,
respectively. Given that stellar mass estimates scale linearly
with distance, we added the relative Gaia distance uncertainties
from Table 1 in quadrature to the relative uncertainties of each
stellar mass estimate (i.e., ( ) ( )s s+M d Md

2
M

2
* * , where σd

and σM are the distance and stellar mass errors, respectively) to
account for distance uncertainties in the stellar mass. The
distance contribution to the combined error is comparable to
the mass contribution for FP Tau and J0432+1827, while the
combined error for J1100–7619 is dominated by the mass
contribution.

4. Results

4.1. Dynamical Masses

Figure 1 presents velocity-integrated emission maps and
spectra comparing the observations, median disk models, and
model residuals for 12CO and 13CO toward the three star+disk
systems. Appendix A presents the corresponding channel
maps. Channel maps of the residuals for 12CO toward the three
star+disk systems are additionally shown in Figure 2. No

model is shown for 13CO toward J1100–7619, because the
constraints on the emission are not informative (see the chain
plot in Appendix C and discussion later in this section).
Otherwise, we see that our simple disk models are generally in
good agreement with the data. The residuals are typically
below 3σ, with some exceptions due to more complex disk and
environmental structures not covered by the models. These
exceptions are discussed in Section 4.2.
Figure 3 displays the 12CO and 13CO stellar mass

measurements toward FP Tau and J0432+1827 and the 12CO
stellar mass measurement toward J1100–7619. Table 3 lists the
primary parameter constraints measured for each disk using the
12CO and 13CO emission. Results for the structural parameters
are presented separately in Appendix D to avoid any
interpretation of them as measured structures of the disks
rather than the CO.
Upper and lower uncertainties across all 12CO and 13CO

stellar mass measurements are 1.8%–4.0% for FP Tau and
J0432+1827. However, the measurements derived indepen-
dently from the 12CO and 13CO observations have relative
differences of 5.1% and 9.6% for FP Tau and J0432+1827,
respectively. As these are independent measurements, the
relative differences between the measurements provide a more
realistic understanding of the systematic uncertainties on the
stellar masses(e.g., Premnath et al. 2020). The statistical
uncertainties are much higher for the 12CO stellar mass
measurement for J1100–7619, spanning 10%–12%. These
uncertainties are due to the disk’s low inclination angle and are
discussed in Section 4.2.
For FP Tau and J0432+1827, we take the weighted averages of

the 12CO and 13CO stellar mass estimates as the final dynamical
stellar mass measurement, Mdyn, for each disk. Each average is
weighted by (1/σ2), where σ is either the difference between the
median and 16th percentile estimate or the difference between the
median and 84th percentile estimate, whichever is larger (the
differences are nearly symmetrical for both disks). For
J1100–7619, we use the 12CO stellar mass estimate as the final
Mdyn measurement, and we use the maximum of the nearly
symmetrical upper and lower uncertainties as the final uncertainty
for clarity. The resultingMdyn estimates for FP Tau, J0432+1827,
and J1100–7619 are 0.395±0.012Me, 0.192±0.005Me, and
0.461±0.057Me, respectively, and are listed in Table 3. The
dynamical mass measurement for FP Tau is roughly consistent
with the previous dynamical mass measurement given in the
literature(0.36± 0.02Me; Simon et al. 2019).

4.2. Sources of Model Residuals and Systematic Uncertainties

4.2.1. FP Tau and J0432+1827

For 12CO toward FP Tau, the significant residuals are due to
cloud contamination of the data in the central velocity
channels. These channels were excluded from the model fits,
although they are still included in the velocity-integrated
emission maps of Figure 1 for completeness. For 12CO toward
J0432+1827, there are significant residuals that appear
systematic in Figure 1 but actually appear scattered in the
corresponding channel map in Figure 2.

4.2.2. J1100–7619

For 12CO toward J1100–7619, there are significant residuals
due to asymmetries in the peaks of the actual spectrum. It is not

Table 2
Priors for Model Parameters

Parameters (Units) Priors

FP Tau J0432+1827 J1100–7619

Distance (pc) 128.4 141.9 191.5
M* (Me) 0.01–5.0 0.01–5.0 0.01–5.0
θinc (deg) 10–80 10–80 0.01–80
θP. A. (deg) 180–540 180–540 180–540
vsys (km s−1) 7.55–9.05 4.85–6.35 4.0–5.5
μR.A. (arcsec) (−1) −1 (−1) −1 (−1) −1
μdecl. (arcsec) (−1) −1 (−1) −1 (−1) −1
q 0.01–5.0 0.01–5.0 0.01–5.0
T10 (K) 5–80 5–80 5–80
γ 1.0 1.0 1.0
rc (au) 0–250 5–250 5–250
log10 (Mgas(Me) ) (−8.0)–(−1.0) (−8.0)–(−1.0) (−8.0)–(−1.0)
ξ (km s−1) 0.01-0.6 0.01-0.6 0.01-0.6

Note. Uniform priors for the 13 model parameters of the DISKJOCKEY code.
The distances and γ values were fixed. Gaia distance uncertainties were
incorporated into the final model constraints for the stellar masses after fitting
was complete (see Section 3.3).
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Figure 2. Channel maps of the data vs. model residuals for 12CO toward FP Tau (top), J0432+1827 (middle), and J1100–7619 (bottom). Contours correspond
to±[3σ, 5σ, 10σ, 20σ,...], where σ is the estimated channel rms (from Pegues et al. 2021). Beam sizes are drawn in the lower left corners of each panel. The
significant residuals toward FP Tau are due to cloud contamination near the systemic velocity, while significant residuals toward J1100–7619 are due to asymmetries
in the 12CO emission.
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clear what is causing these asymmetries toward J1100–7619, as
we do not see any cloud contamination within the residual
channel maps, and the same asymmetries do not appear to be
present in the 13CO emission (Appendix A). We note that these
asymmetries are not the primary cause of the relatively large
statistical uncertainties in the 12CO mass measurement. These
uncertainties are instead due to the disk’s low inclination angle.
The line-of-sight velocities are proportional to ( )qM sin inc* ,
where M* and θinc are the stellar mass and inclination angle,
respectively(e.g., Dutrey et al. 1994). For nearly face-on disks,
even small changes in inclination thus lead to significant
changes in the stellar mass estimate (Appendix E). The 13CO

stellar mass measurement for J1100–7619 was unconstrained
for the same reason.

4.2.3. The Disk Model

We note that the underlying disk model (Section 3.2) makes
several assumptions on disk structure (e.g., that the disks are
geometrically thin instead of flared), which lead to intrinsic
systematic uncertainties in our results. That being said, these
disk-based dynamical mass measurements are derived from the
velocity field of each disk rather than its temperature or density
structures. We thus do not expect our simple assumptions on
disk structure to significantly affect our dynamical mass
measurements.
Indeed, Appendices B and C show that our stellar mass

measurements are not significantly correlated with any of the
structural parameters (listed in Appendix D). The measure-
ments are degenerate only with the inclination angle θinc
(Appendix E). Previous works have also found that more
complex disk models with vertical temperature gradients and
treatments of CO freeze-out yield similar mass estimates to
simple power-law disk models(e.g., Czekala et al. 2017) and
that the mass precision is driven by the sensitivity and signal-
to-noise ratio of the observations rather than by the assumed
disk model(e.g., Rosenfeld et al. 2012; Simon et al. 2019;
Boyden & Eisner 2020). Even when there are asymmetries in
the emission that violate the symmetric assumptions of the
disk model, such as due to moderate cloud contamination,
modest disk eccentricities, or disk warping, the models can still
recover an underlying Keplerian pattern and yield consistent
dynamical mass measurements(e.g., Czekala et al. 2015;
Simon et al. 2019).
Inaccurate estimates of the inclination angle, on the other

hand, such as from structural complexities or emission
asymmetries not captured by the model, would have some
effect on estimates of the dynamical mass. This effect is
illustrated for the three star+disk systems in Appendix E. For
FP Tau and J0432+1827, the consistency between the
independent 12CO- and 13CO-based angle and mass measure-
ments is evidence against such inaccuracy. J1100–7619, for
which the effect of the correlation is most significant owing to
the nearly face-on inclination angle, would be worth follow-up
in CO isotopologue emission at higher signal-to-noise ratio.

Figure 3. Comparison of the 12CO and 13CO stellar mass measurements
(marked with dark-purple and light-blue diamonds, respectively) to the stellar
mass predictions of the fiducial stellar evolutionary model (Table 1; marked
with gray circles). The star+disk systems are written along the x-axis, while the
stellar mass values are given along the y-axis. Stellar mass uncertainties are
shown as vertical shaded bars, where the colors match those of the
corresponding measurement. The horizontal widths of the bars have been
varied so that the bars for each measurement are easier to distinguish. They are
not representations of x-axis error.

Table 3
Stellar Mass and Primary Parameter Constraints

FP Tau J0432+1827 J1100–7619

12CO 13CO 12CO 13CO 12CO
Mdyn (Me) 0.395±0.012 0.192±0.005 0.461±0.057
M* (Me) -

+0.399 0.007
0.0072

-
+0.379 0.014

0.015
-
+0.185 0.0041

0.0041
-
+0.203 0.0051

0.0052
-
+0.461 0.046

0.057

θinc (deg) -
+65 0.46

0.48
-
+63.5 2.2

2
-
+56.9 0.28

0.29
-
+59.8 0.76

0.74
-
+15.5 0.91

0.86

qP.A.* (deg) -
+330 0.31

0.32
-
+334 1.4

1.4
-
+24 0.18

0.18
-
+24 0.52

0.53
-
+71 0.15

0.16

vsys (km -s 1) -
+8.34 0.0055

0.0053
-
+8.39 0.03

0.029
-
+5.62 0.0019

0.0019
-
+5.64 0.0061

0.0061
-
+4.74 0.00067

0.00069

μR.A. (arcsec) -
+0.0816 0.0011

0.0011
-
+0.0721 0.0036

0.0034
-
+0.24 0.0014

0.0013
-
+0.244 0.0026

0.0026 −0.077-
+

0.0017
0.0017

mdecl. (arcsec) - -
+0.436 0.0013

0.0013 - -
+0.426 0.0038

0.004 - -
+0.264 0.0015

0.0015 - -
+0.267 0.003

0.0031
-
+0.153 0.0015

0.0015

Note. The final dynamical masses (Mdyn) and the final constraints for the primary DISKJOCKEY parameters. All parameters were measured from 12CO and 13CO
emission independently and are described in Section 3.2. The listed values are the medians of the final sampling distributions, while the lower and upper uncertainties
are the 16th and 84th percentiles, respectively (see Section 3.3). No results are shown for 13CO toward J1100–7619 because the corresponding model was
unconstrained. The Mdyn values are described in Section 4.1. *: These θPA values have been wrapped as necessary to be in the 0°–360° range. The wrapped median
values were originally 384° for 12CO and 13CO toward J0432+1827 and 431° for 12CO toward J1100–7619. No θPA values were wrapped for FP Tau.
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4.3. Comparisons to Fiducial Stellar Evolutionary Model
Predictions

Figure 3 also displays the stellar mass predictions from the
fiducial stellar evolutionary model(tracks from the MIST code;
Dotter 2016; Choi et al. 2016) given in Table 1, which does not
incorporate any treatment of magnetic activity. Fiducial model
estimates (Mfid) for FP Tau, J0432+1827, and J1100–7619 are

-
+0.240 0.066

0.091 Me, -
+0.174 0.048

0.083 Me, and -
+0.251 0.042

0.051 Me, respec-
tively. When we compare the fiducial model mass predictions
to the dynamical mass estimates for each star, we find that the
fiducial model prediction agrees with the dynamical mass
measurement for one star+disk system (J0432+1827). How-
ever, the fiducial model underestimates the dynamical masses
by significant factors for the two remaining systems (under-
predictions of ∼60% for FP Tau and ∼80% for J1100–7619).
For these two systems, the dynamical masses exceed the
1σ fiducial model uncertainties (by ∼1.7σ and ∼4.1σ,
respectively).

The mass underprediction for J1100–7619 may be explained
by undetected binarity. Nguyen et al. (2012) conducted a
multiplicity study of the Chamaeleon I and Taurus star-forming
regions using high-resolution spectroscopy and radial velocity
techniques. They did not identify J1100–7619 as a system
hosting a close or wide companion. That being said, the low
inclination of the J1100–7619 star+disk system makes this
analysis more challenging, and J1100–7619 could still possibly
host an undetected companion within the intermediate regime
between “close” and “wide.” We assume that J1100–7619
hosts a unary star for the remainder of the paper, but we note
that J1100–7619 is worth follow-up in the future at higher
spatial and spectral resolution (see also discussion in
Section 4.2).

Figure 4 compares the fiducial model mass predictions to
interpolated dynamical mass tracks, based on stellar mass
tracks extracted from the online MIST database(Dotter 2016;
Choi et al. 2016).13 Reconciling the fiducial mass predictions

with the dynamical measurements would require (1) a shift in
the assumed stellar effective temperatures and/or (2) a shift in
the model tracks. We consider these two cases, and their
implications, in Section 5.

5. Discussion

5.1. Performance of Fiducial Stellar Evolutionary Models for
Low-mass Unary Stars

Our results show that the fiducial stellar evolutionary model
predicts the stellar mass for J0432+1827 within 10% but
significantly underpredicts the stellar masses for the remaining
2/3 low-mass M stars. Specifically, we find that FP Tau and
J1100–7619, which were predicted from the fiducial model to
have stellar masses Mfid of 0.24–0.25 Me (Table 1), have
dynamically estimated stellar masses that belong to an entirely
different mass bracket, with Mdyn0.4Me.
To further investigate systematic differences between fiducial

model predictions and the dynamical mass measurements, we
plot Mdyn as a function of Mfid in Figure 5. We also plot unary
stars from Simon et al. (2019) with fiducial model mass
predictions �0.5 Me. Simon et al. (2019) used the Baraffe et al.
(2015) stellar evolutionary models, which do not incorporate
magnetic fields, as their fiducial stellar evolutionary models. This
provides another point of comparison to the fiducial stellar
evolutionary models used in this work (tracks from the MIST
code; Dotter 2016; Choi et al. 2016). Note that we use the 7/13
unary stars (AA Tau, CX Tau, CY Tau, DE Tau, DM Tau, GO
Tau, and HO Tau) from Simon et al. (2019) with fiducial model
mass predictions labeled as MBhrd in that paper. The MBhrd

predictions drew their spectral types, stellar effective tempera-
tures, and stellar luminosities from a single source(Herczeg &
Hillenbrand 2014). This allows us to maintain consistency in the
sets of stellar characteristics input to the fiducial models. We
have also excluded the low-mass M-star (YLW 58) in the
Ophiuchus region, because Simon et al. (2019) gave concerns
about the reliability of the characterization and model predictions
for the Ophiuchus cloud. Finally, FP Tau was also presented
in Simon et al. (2019) (Mdyn= 0.36± 0.02Me). Since

Figure 4. Stellar tracks across stellar effective temperature (Teff) and stellar luminosity (L*). The tracks drawn in thin, solid gray lines follow the 0.2–5.0 Myr
evolution of stars with masses of 0.10–0.55 Me at 0.05 Me intervals. The thin, dashed gray lines are linearly interpolated age tracks from 0.2–5.0 Myr. These tracks
were extracted from the online MESA Isochrones and Stellar Tracks database(MIST; Dotter 2016; Choi et al. 2016). The purple points mark the placement of our
low-mass M stars among these tracks. The thick purple lines trace the interpolated mass tracks corresponding to the dynamically estimated stellar masses.

13 Available as packaged model grids containing Equivalent Evolutionary
Phase (EEP) tracks from http://waps.cfa.harvard.edu/MIST/.
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the two Mdyn measurements for FP Tau are roughly consistent,
we use the Mdyn and Mfid measurements from this work.

As shown in Figure 5, 7/10 of the combined sample of Mfid

predictions underpredict the Mdyn measurements by 20%.
Half (5/10) of the Mdyn measurements are underpredicted by
50%–100%. The underpredictions are not distinguishable
between the two sources of fiducial models(Baraffe et al.
2015; Dotter 2016; Choi et al. 2016), implying that these
underpredictions are not specific to any particular model.

5.2. Possible Remedies for the Underpredictions

These consistent underpredictions from fiducial models may
be due to a combination of two factors. On the one hand,
inaccurate observations of the stellar characteristics that are fed
into these models (i.e., the effective temperature and luminos-
ity) lead to inaccurate predictions of the stellar mass. On the
other hand, stellar evolutionary models that are missing key
underlying physics, such as treatment of magnetic activity, can
also lead to inaccurate predictions of the stellar mass. We are
currently unable to distinguish individual contributions from
these two sources of inaccuracy to the fiducial model

predictions. Instead, we treat each case scenario separately in
subsequent discussion.

5.2.1. Adjustments to the Stellar Characteristics

Inaccuracies in spectral type, and consequently effective
temperature, are especially critical for low-mass pre-MS M
stars. Across this low-mass regime, changes in effective
temperature have a greater effect on the mass predictions of
stellar evolutionary models than changes in the luminosity
(e.g., Figure 4). Here we consider the implications of our
results on the spectral types and effective temperatures of our
three stars. Note that in doing so we are assuming that the
fiducial stellar evolutionary models incorporate physics that
are sufficient to predict the stellar masses. As noted previously,
we cannot distinguish the effects of inaccurate stellar
characteristics from the effects of inaccurate stellar evolu-
tionary models on our predictions.
We assumed spectral types and stellar effective temperatures

of M4 and -
+3311 K149

156 for FP Tau, M4.75 and -
+3162 K142

149 for
J0432+1827, and M4 and ∼3311-

+ K75
77 for J1100–7619

(Table 1; Kenyon & Hartmann 1995; Briceño et al. 2002;
Manara et al. 2017; Luhman et al. 2003). A few other
independent spectral type and effective temperature measure-
ments exist in the literature. Herczeg & Hillenbrand (2014)
estimated spectral types and effective temperatures of M2.6 and
∼3410–3560 K for FP Tau and M5 and ∼2980 K for J0432
+1827, respectively, while Luhman (2007) estimated M3.75
and ∼3306 K for J1100–7619. The effective temperature
estimates for J1100–7619 across the different literature sources
are consistent with each other. The M2.6 estimate for FP Tau,
however, is warmer than our assumptions by ∼100–250 K,
while the M5 estimate for J0432+1827 is cooler by ∼180 K.
Interpreting these values with respect to Figure 4, we see that
the warmer M2.6 estimate for FP Tau would shift the star so
that the fiducial model prediction would be in agreement with
the dynamical mass track within uncertainties. At the same
time, the cooler M5 estimate for J0432+1827 would have the
opposite effect, shifting the star so that the fiducial model
prediction would no longer agree with the dynamical mass
track. These differences highlight the importance of accurate
constraints on the effective temperatures for these low-mass
stars. Without them, we cannot use these models to accurately
predict the masses.
If we assume that the fiducial stellar evolutionary models are

sufficient to accurately describe these stars, we can estimate
new spectral types and stellar effective temperatures for our
stars using Figure 4 and the conversion table (Table 5) in
Herczeg & Hillenbrand (2014). In order for the three stars to
match their dynamical masses, we find that the stars require
increases in stellar effective temperature of ∼250–260 K for FP
Tau, ∼40 K for J0432+1827, and ∼320–340 K for
J1100–7619. FP Tau would thus be better represented by a
spectral type within M1–M2 (3720–3560 K), which is
somewhat warmer than the M2.6 estimate from Herczeg &
Hillenbrand (2014). J0432+1827 would be better described by
a spectral type within M3–M4 (3410–3190 K). The effective
temperature range overlaps with the uncertainties of our
assumed values in Table 1, although the spectral type is earlier
than the values from the literature. Finally, J1100–7619 would
be better described by a spectral type within M0–M2
(3900–3560 K), with larger uncertainties due to a more

Figure 5. Dynamical mass measurements (Mdyn) plotted as a function of mass
predictions from fiducial stellar evolutionary models (Mfid) for Mfid � 0.5 Me.
Measurements from this work and from the compilation of Simon et al. (2019)
(described in Section 5.1) are marked with purple circles and gray squares,
respectively. The error bars are the 1σ uncertainties. To help guide the eye,
lines are drawn for the 1:1 (thick, solid black), 1:1.25 (dotted gray), 1:1.5
(dashed gray), and 1:2 (thin, solid black) ratios.
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significant dependence on stellar luminosity along tracks at
larger masses.

We cannot overemphasize that these new estimates assume
that the fiducial stellar evolutionary models are sufficient to
represent the physics of these young, cool stars. It is also
possible that the stellar evolutionary models are missing key
physics that will shift the model tracks to cooler temperatures.
We consider this alternative case scenario in the next section.

5.2.2. Treatment of Magnetic Activity

Simon et al. (2019) used the stellar evolutionary model of
Feiden (2016a), which includes internal magnetic fields, to
investigate whether the incorporation of magnetic activity
could bridge the gap between the dynamical mass measure-
ments and the stellar evolutionary model predictions. Using the
same stellar luminosities and effective temperatures as inputs,
they compared the performance of their fiducial model(Baraffe
et al. 2015) to this magnetic model(the mass predictions are
denoted as MBhrd and MChrd, respectively, in Simon et al.
2019). Across the ∼0.4–1.4Me range, Simon et al. (2019)
found that the magnetic model typically provided more
accurate mass predictions. They noted, however, that this
improved performance was not perfect. Focusing on the seven
stars from the literature with fiducial model mass predictions
�0.5 Me (discussed in Section 5.1), Simon et al. (2019) show
that the magnetic model predicts the dynamical masses within
uncertainties for 3/7 of these stars. Another 3/7 stellar masses
are either underpredicted or overpredicted by the magnetic
model by �20% with respect to the dynamical masses. For 2/7
stars, the use of the magnetic model actually decreases
prediction accuracy relative to the fiducial model(see Table 5
of Simon et al. 2019). In discussing possible sources of error
from using the magnetic model across their entire sample,
Simon et al. (2019) noted that this magnetic model might have
to be adjusted on a star-by-star basis, as different stars might
have weaker or stronger internal magnetic fields.

We now use tracks from the Stellar Parameters of Tracks
with Starspots (SPOTS) code of Somers et al. (2020) as a way
to flexibly treat magnetic activity for our stars. Starspots are

born from concentrated regions of magnetic activity, and so
higher fractional starspot coverage essentially indicates more
magnetic activity(e.g., discussion by Somers & Pinsonneault
2015). Observationally, starspots are expected to be common
for low-mass pre-MS stars(e.g., Herbst et al. 1994; Cody et al.
2014). Theoretically, the inclusion of starspots in the models
leads to predicted stars that are cooler, older, and larger in
radius than stellar evolutionary models without starspots(-
Somers et al. 2020). The SPOTS code provides tracks with
different fractional starspot coverage (denoted as fspot) of the
stellar surface. fspot values range discretely from 0.00 to 0.85 at
intervals of 0.17.
Assuming that the stellar effective temperatures in Table 1

are accurate, we compare the mass predictions Mspot of these
starspot stellar evolutionary models for different values of fspot
to the dynamical masses (Mdyn) for our three stars in Figure 6.
The results for the starspot models at fspot=0 are consistent
with the results from the fiducial models (Appendix F).
Figure 6 illustrates two key findings. First, the starspot model
mass predictions can agree with the dynamically measured
masses of these stars. Second, the three stars require different
fspot values to match the dynamical masses. Mspot predictions
for different values of fspot are listed in Appendix F.
We also predict masses for a subset of six Taurus stars

withMdyn�0.5 Me from the Simon et al. (2019) compilation,
using tracks from the starspot model and our fiducial (MIST)
model. For these stars from the literature, we adapted the stellar
characteristics given in Herczeg & Hillenbrand (2014). Details,
assumed characteristics, and the Mspot predictions for the
literature are listed in Appendix F. We linearly interpolated the
fspot values that minimized the difference between Mdyn and
Mspot for the combined sample of nine stars. These interpolated
fspot values are plotted as a function of stellar effective
temperature in Figure 7, assuming that the effective tempera-
tures are accurate.
Across the combined sample of stars from this work and

from Simon et al. (2019), stars are represented by fractional
starspot coverages from ∼0% to 70%. It is important to
consider whether these percentages are physically reasonable.
Somers & Pinsonneault (2015) noted that most measurements

Figure 6. Performance of the starspot stellar evolutionary models for FP Tau (left), J0432+1827 (middle), and J1100–7619 (right). The plotted points are the discrete
results from the starspot model tracks, while the paths connecting the points are interpolated. The x-axis gives the fractional starspot coverage fspot, while the y-axis
gives the ratio between the dynamical masses (Mdyn) and the starspot model predictions (Mspot). Perfect prediction (Mdyn/ Mspot=1) is drawn horizontally in solid
black, while factors of 0.5, 1.5, and 2.0 are drawn in dashed gray. Errors along the x-axis span the fspot values interpolated for the error in Mspot, i.e., the interpolated
fspot values that best describe the lower and upper bounds on Mspot. Errors along the y-axis are calculated using standard error propagation, i.e.

( ) ( ) ( )s s s= ´ +  M M M Mdyn spot spot spot
2

dyn dyn
2 , where s

spot and s
dyn are the±error in the Mspot and Mdyn predictions/measurements, respectively.
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of starspot coverage have been for giants, subgiants, and dwarf
stars and that few such measurements exist for pre-MS stars in
general, let alone pre-MS M stars. Based on measurements for
MS stars from the literature, Somers & Pinsonneault (2015)
assumed a tentative upper limit on fspot of ∼50%. More
recently, however, Gully-Santiago et al. (2017) conducted a
detailed observational study of the heavily spotted LkCa 4, a
pre-MS star, and found a fractional spot coverage of
∼80%±5%. The authors further noted that there is spectro-
scopic and photometric evidence that implies significant
starspot coverage for other young, low-mass stars. This
evidence is discussed in excellent detail in Gully-Santiago
et al. (2017). Here we summarize by saying that significant
starspot coverage for pre-MS, low-mass stars may explain
discrepancies in the literature, such as the differences between
observed effective temperatures derived from different optical/
near-infrared wavelength bands.

Assuming that the interpolated fspot values for the combined
sample are reasonable, we return to Figure 7. Since the
combined sample size is small and the uncertainties in effective
temperature are large, we do not perform any quantitative
analysis with this data. That being said, we qualitatively note
that the interpolated fspot values appear to decrease as observed
effective temperature increases, with the exception of the
outlying system J0432+1827. To statistically evaluate this
trend, we would need (1) a much larger sample of dynamically
measured masses for low-mass unary M stars and (2) more
precise and confidently accurate constraints on observed stellar
characteristics (particularly the effective temperatures). If such
a trend can be securely identified and quantified for low-mass
M stars, we will be able to more accurately predict masses
using starspot stellar evolutionary models in the low-mass
regime.

6. Summary

Using precise Gaia distances and spatially resolved ALMA
observations of CO isotopologue emission observed toward
Keplerian-rotating protoplanetary disks, we have dynamically

measured the stellar masses of three low-mass (�0.5 Me)
unary M stars. Two of these masses have not been measured
before, and the third is now measured with higher precision.
We have evaluated the performance of fiducial and starspot
stellar evolutionary model predictions for our three stars and on
a subset of low-mass M stars extracted from the literature. We
summarize our main findings below:

1. By forward-modeling the 12CO (J=2–1) and 13CO
(J=2–1) emission, we dynamically measure stellar masses
of 0.395±0.012Me for FP Tau, 0.192±0.005Me for
J0432+1827, and 0.461±0.057Me for J1100–7619.

2. We find that tracks from the fiducial stellar evolutionary
model, which does not account for magnetic activity,
accurately predict the dynamical mass of J0432+1827
but underpredict the dynamical masses by ∼60% for FP
Tau and by ∼80% for J1100–7619. Possible explanations
for these underpredictions include inaccurate assumptions
on stellar effective temperatures, the lack of magnetic
treatment in the fiducial models, and undetected binarity
for J1100–7619.

3. Our three stars would require warm shifts in stellar
effective temperature of ∼250–260 K for FP Tau, ∼40 K
for J0432+1827, and ∼320–340 K for J1100–7619 to
reconcile the fiducial stellar evolutionary model predic-
tions with the dynamical masses. These changes would
correspond to warmer spectral types of M1–M2, M3–M4,
and M0–M2, respectively.

4. We evaluate stellar evolutionary models with starspots as
a flexible treatment of magnetic activity for our stars. We
find that interpolated mass results for these starspot
models are capable of reproducing the dynamical masses
of our stars. Folding in a subset of the Taurus unary low-
mass M stars presented in Simon et al. (2019), we find a
suggestive dependence of fractional starspot coverage on
observed effective temperature across the combined
sample.

These results and our discussion suggest that starspot stellar
evolutionary models can and should be used to model low-

Figure 7. Interpolated fspot values (i.e., the values that minimize ∣ ∣-M Mdyn spot ), plotted as a function of stellar effective temperature (Teff). The purple circles and gray
squares are stars from this work and from Simon et al. (2019), respectively (the latter sample is described in Section 5.2.2). Errors along the y-axis span the fspot values
interpolated for the error in Mdyn, i.e., the interpolated fspot values that best describe the lower and upper bounds on Mdyn. Note that the errors along the y-axis assume
perfect recovery from the starspot model tracks.

11

The Astrophysical Journal, 908:42 (20pp), 2021 February 10 Pegues et al.



mass pre-MS stars. That being said, more work needs to be
done before we can shift from qualitative to quantitative
evaluations of starspot model performance. Specifically, we
must (1) confirm that assumed stellar characteristics for low-
mass pre-MS stars, particularly the effective temperatures, are
accurate; (2) reduce the imprecision of the observed stellar
characteristics; and (3) build a larger sample of dynamical
masses for low-mass M stars, measured from high-sensitivity
observations (e.g., ALMA observations) of CO isotopologue
emission toward circumstellar disks. When these tasks are
fulfilled, it would be extremely worthwhile to perform a larger
investigative study of starspot models for young, cool stars.
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Appendix A
Channel Maps

Online figure sets associated with Figures 8–10 show
channel maps of the data, median models, and residuals for
FP Tau, J0432+1827, and J1100–7619, respectively.

Figure 8. Channel maps of the 12CO data toward FP Tau. Beam sizes are drawn in the lower left corners of the entire panels.

(The complete figure set (6 images) is available.)
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Figure 9. Channel maps of the 12CO 2–1 data toward J0432+1827. Beam sizes are drawn in the lower left corners of the entire panels.

(The complete figure set (6 images) is available.)

Figure 10. Channel maps of the 12CO 2–1 data toward J1100–7619. Beam sizes are drawn in the lower left corners of the entire panels.

(The complete figure set (4 images) is available.)
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Appendix B
12CO 2–1 MCMC Chains and Corner Plots

The online figure set associated with Figure 11 presents the
MCMC chain plots and corner plots for the 12CO 2–1 emission.

Figure 11. MCMC chain plot for 12CO toward FP Tau. The outlying chains with probabilities significantly lower than all other chains were excluded from the final
sampling distributions.

(The complete figure set (6 images) is available.)

14

The Astrophysical Journal, 908:42 (20pp), 2021 February 10 Pegues et al.



Appendix C
13CO 2–1 MCMC Chains and Corner Plots

The online figure set associated with Figure 12 presents the
MCMC chain plots and corner plots for the 13CO 2–1 emission.

Figure 12. MCMC chain plot for 13CO toward FP Tau. The outlying chains with probabilities significantly lower than all other chains were excluded from the final
sampling distributions.

(The complete figure set (5 images) is available.)
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Appendix D
Structural Parameter Constraints

Table 4 lists the final constraints on the disk structural
parameters. We stress that the 12CO and 13CO emission is
optically thick toward our three star+disk systems, and so these

structural parameters are likely not true measurements of each
disk’s surface density and midplane temperature profiles.
Therefore, these parameters describe only the optically thick
surfaces of the observed emission and should not be interpreted
as measurements of disk structure.

Table 4
Structural Parameter Constraints

FP Tau J0432+1827 J1100–7619
12CO 13CO 12CO 13CO 12CO

rc (AU) -
+7.5 0.52

0.56
-
+4.75 0.5

1.1
-
+28.6 0.67

0.69
-
+33.5 2.4

2.3
-
+43.4 0.88

0.9

T10 (K) -
+60 1.2

1.3
-
+30.8 2.1

2.3
-
+49.1 0.56

0.57
-
+40 1.6

1.6
-
+23.9 0.34

0.35

q -
+0.559 0.0094

0.0093
-
+0.345 0.077

0.063
-
+0.466 0.0054

0.0053
-
+0.36 0.04

0.036
-
+0.178 0.006

0.006

Sc* (g cm−2) -
+56.4 33

84 1.38e + 03- +
+ +

e
e

1.2 03
3.9 03

-
+0.196 0.032

0.039
-
+0.24 0.065

0.1
-
+0.115 0.016

0.019

ξ (km -s 1) -
+0.1 0.022

0.02
-
+0.361 0.055

0.067
-
+0.17 0.004

0.0041
-
+0.171 0.014

0.015
-
+0.122 0.0018

0.0018

Note. The final constraints from DISKJOCKEY on the structural parameters of the three star+disk systems. All parameters are described in Section 3.2. These were
measured from 12CO and 13CO independently. No values are shown for 13CO toward J1100–7619 because the corresponding model was unconstrained. These
parameter values should not be interpreted as measurements of disk structure. *: Σc was calculated from the log10(Mgas) values determined by DISKJOCKEY. We
display the former here because it is more interpretable with rc.
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Appendix E
The Correlation between Dynamical Mass and Inclination

Angle

For Keplerian-disk-based dynamical mass measurements,
the line-of-sight velocities are proportional to ( )qM sin inc*
(e.g., Dutrey et al. 1994). Figure 13 illustrates this correlation
between M* and θinc for the sampling distributions of FP Tau,
J0432+1827, and J1100–7619. Figure 13 also illustrates the

effect on the mass measurements if our estimates of the
inclination angles were changed by up to 20%. For 12CO
toward FP Tau, the stellar mass measurement would change by
at most −14% or +32%, while for 12CO toward J0432+1827
the mass measurement would change by at most −19% or
+38%. The effect would be most significant for J1100–7619,
where a change in inclination angle by up to 20% would
change the stellar mass measurement by at most −30%
or +55%.

Figure 13. Constrained M* vs. θinc sampling distributions for 12CO (top row) and 13CO (bottom row) toward FP Tau (left), J0432+1827 (middle), and J1100–7619
(right). The sampling distributions are shown as 2D histograms, where the darker colors indicate a higher density of points. The distributions are outlined in black for
visual clarity. The red ellipses show the 1σ and 2σ contours, which contain 68% and 95% of the data, respectively, assuming that the data are normally distributed.
Each dashed gray line draws the (A=M*sin

2 (θ)) contour, where A is a constant, through the median M* and θinc values of the distributions. For the
12CO panels,

the y-axes span±20% of the median θinc values, and the x-axes encompass the resulting A=M*sin
2 (θ) contour. The axes for the 13CO panels are fixed to match the

12CO panels.
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Appendix F
Starspot Stellar Evolutionary Model Mass Predictions

Table 5 lists the mass predictions, based on tracks from the
starspot stellar evolutionary model(Somers et al. 2020), for the
combined sample of low-mass M stars from this work and from
Simon et al. (2019). For the stars from the literature, the spectral
types were taken directly from Herczeg & Hillenbrand (2014).

The stellar effective temperatures were taken from the Herczeg
& Hillenbrand (2014) conversion table, interpolated in
Simon et al. (2019) and used here assuming 0.02 dex
uncertainties (∼1 subclass for these spectral types). The stellar
luminosities were taken from Herczeg & Hillenbrand (2014),
scaled to Gaia distances, and given 0.2 dex uncertainties(the
luminosity uncertainty quoted in Herczeg & Hillenbrand 2014).
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Table 5
Starspot Stellar Evolutionary Model Mass Predictions

Disk Dist Spectral L* Teff Mdyn Mfid Mspot Mspot Mspot Mspot Mspot Mspot

Type fspot=0.00 fspot=0.17 fspot=0.34 fspot=0.51 fspot=0.68 fspot=0.85
(pc) (Le) (K) (Me) (Me) (Me) (Me) (Me) (Me) (Me) (Me)

FP Tau -
+128 2

2 M4 -
+0.269 0.029

0.033
-
+3311 149

156
-
+0.395 0.012

0.012
-
+0.240 0.066

0.091
-
+0.240 0.054

0.099
-
+0.302 0.088

0.087
-
+0.355 0.104

0.092
-
+0.407 0.105

0.117
-
+0.479 0.116

0.152
-
+0.575 0.139

0.183

J0432+1827 -
+141 3

3 M4.75 -
+0.076 0.018

0.024
-
+3162 142

149
-
+0.192 0.005

0.005
-
+0.174 0.048

0.083
-
+0.170 0.050

0.087
-
+0.219 0.071

0.105
-
+0.269 0.083

0.120
-
+0.363 0.123

0.105
-
+0.447 0.207

0.184
-
+0.513 0.174

0.263

J1100–7619 -
+190 4

4 M4 -
+0.145 0.053

0.085
-
+3311 75

77
-
+0.461 0.057

0.057
-
+0.251 0.042

0.051
-
+0.251 0.042

0.051
-
+0.302 0.051

0.061
-
+0.363 0.054

0.064
-
+0.437 0.065

0.076
-
+0.550 0.103

0.053
-
+0.646 0.109

0.046

CX Tau -
+128 1

1 M2.5 -
+0.249 0.092

0.146
-
+3485 157

164
-
+0.380 0.020

0.020
-
+0.355 0.092

0.124
-
+0.355 0.092

0.124
-
+0.407 0.105

0.142
-
+0.468 0.121

0.163
-
+0.550 0.142

0.192
-
+0.646 0.167

0.225
-
+0.741 0.192

0.259

GO Tau -
+144 1

1 M2.3 -
+0.211 0.078

0.123
-
+3515 158

166
-
+0.450 0.010

0.010
-
+0.372 0.096

0.130
-
+0.380 0.098

0.133
-
+0.437 0.113

0.152
-
+0.501 0.130

0.175
-
+0.589 0.152

0.205
-
+0.676 0.175

0.236
-
+0.759 0.196

0.265

HO Tau -
+161 1

1 M3.2 -
+0.142 0.052

0.083
-
+3365 151

159
-
+0.430 0.030

0.030
-
+0.282 0.073

0.098
-
+0.288 0.075

0.101
-
+0.339 0.088

0.118
-
+0.407 0.105

0.142
-
+0.479 0.124

0.167
-
+0.575 0.149

0.201
-
+0.646 0.167

0.225

CY Tau -
+128 1

1 M2.3 -
+0.253 0.093

0.148
-
+3500 158

165
-
+0.300 0.020

0.020
-
+0.355 0.092

0.124
-
+0.363 0.094

0.127
-
+0.417 0.108

0.145
-
+0.479 0.124

0.167
-
+0.562 0.145

0.196
-
+0.661 0.171

0.231
-
+0.759 0.196

0.265

DE Tau -
+127 1

1 M2.3 -
+0.492 0.182

0.288
-
+3515 158

166
-
+0.410 0.030

0.030
-
+0.355 0.092

0.124
-
+0.355 0.092

0.124
-
+0.407 0.105

0.142
-
+0.457 0.118

0.160
-
+0.525 0.136

0.183
-
+0.603 0.156

0.210
-
+0.692 0.179

0.241

FM Tau -
+131 1

1 M4.5 -
+0.071 0.026

0.042
-
+3085 139

145
-
+0.360 0.020

0.020
-
+0.151 0.037

0.067
-
+0.148 0.036

0.066
-
+0.178 0.043

0.079
-
+0.224 0.054

0.100
-
+0.282 0.068

0.126
-
+0.355 0.086

0.158
-
+0.457 0.110

0.204

Note. Starspot stellar evolutionary model predictions for the low-mass M stars in this work (top three rows) and for a subset of Taurus stars from Simon et al. (2019) (bottom six rows). All distances (Dist.) are from
Gaia(e.g., Gaia Collaboration et al. 2016, 2018). The spectral types, stellar luminosities (L*), and stellar effective temperatures (Teff) were derived from Herczeg & Hillenbrand (2014) as described in the text. The
dynamical masses are either from this work (top three rows) or from Simon et al. (2019) (bottom six rows). The fiducial stellar evolutionary model mass predictions (Mfid) were all computed using tracks from the MIST
code(Dotter 2016; Choi et al. 2016). The starspot stellar evolutionary model mass predictions (Mspot) were computed using tracks from the SPOTS code(Somers et al. 2020) and the fractional starspot coverage values
( fspot) listed in the header.
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