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Abstract

The gas masses of protoplanetary disks are important but elusive quantities. In this work we present new Atacama
Large Millimeter/submillimeter Array (ALMA) observations of N,H" (3-2) for 11 exoALMA disks. N,H" is a
molecule sensitive to CO freeze-out and has recently been shown to significantly improve the accuracy of gas
masses estimated from CO line emission. We combine these new observations with archival N,H'" and CO
isotopologue observations to measure gas masses for 19 disks, predominantly from the exoALMA large program.
For 15 of these disks the gas mass has also been measured using gas rotation curves. We show that the CO + N,H™
line emission-based gas masses typically agree with the kinematically measured ones within a factor of 3 (~1o—
20). Gas disk masses from CO + N,H™ are on average a factor of 2. 3+ x lower than the kinematic disk masses,
which could suggest slightly lower N, abundances and/or lower mldplane ionization rates than typically assumed.
Herbig disks are found to have CO gas abundances at the level of the interstellar medium based on their CO and
N,H™ fluxes, which sets them apart from T Tauri disks, where abundances are typically ~3—30x lower. The
agreement between CO + N,H*-based and kinematically measured gas masses is promising and shows that
multimolecule line fluxes are a robust tool to accurately measure disk masses at least for extended disks.

! NASA Hubble Fellowship Program Sagan Fellow.
32 51 Pegasi b Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Astrochemistry (75); Interferometry (808);

Radio interferometry (1346)

1. Introduction

The gas masses of protoplanetary disks are crucial
information for planet formation (e.g., A. Morbidelli &
S. N. Raymond 2016). The total mass determines whether,
and how many, gas giants can be formed in the disk.
Furthermore, the gas density plays a large role in the dust
physics occurring in the disk, such as grain growth and inward
drift rates (e.g., T. Birnstiel 2024; J. Drazkowska et al. 2023).
The gas surface density also dictates the migration of planets
that have already formed (e.g., S. Paardekooper et al. 2023).

Measuring the gas mass has been plagued with difficulties
(see reviews by E. A. Bergin & J. P. Williams 2018; A. Miotello
et al. 2023; K. L. Oberg et al. 2023), mainly because H,, the
dominant component of the gas, does not significantly emit at
the ~20-30K temperature of the bulk of gas mass in
protoplanetary disks (e.g., W. F. Thi et al. 2001; A. Carmona
et al. 2011; I. Pascucci et al. 2013; C. Pinte et al. 2018; C. J. Law
et al. 2021, 2022; T. Paneque-Carrefio et al. 2023).

The gas mass therefore has to be measured indirectly. This is
most commonly done from the millimeter dust continuum
emission, where the observed flux is converted into a dust mass
by assuming a dust opacity, an average disk temperature, and
that the emission is optically thin (e.g., S. V. W. Beckwith et al.
1990; J. P. Williams et al. 2005; M. Ansdell et al. 2016;
C. F. Manara et al. 2023). This dust mass is then converted to a
gas mass by assuming a gas-to-dust mass ratio, most commonly
using the typical interstellar medium (ISM) value of 100. While
this is perhaps the most straightforward way to estimate the disk
mass, the dust properties that set the opacity and the gas-to-dust
mass ratio are likely different for each disk. Furthermore, there is
increasing evidence that some or all of the disk continuum
emission is optically thick at wavelengths <1.3mm (e.g.,
S. M. Andrews et al. 2018a; M. Tazzari et al. 2021).

The gas mass can also be inferred from less abundant species
in the gas. Among these, hydrogen deuteride (HD) is perhaps the
most promising because of its close chemical similarities to H,
(e.g., L. Trapman et al. 2017; J. K. Calahan et al. 2021).
Herschel detected HD J = 1-0 (112 pum) emission toward three
disks, which allowed for robust measurements of gas disk mass
(e.g., E. A. Bergin et al. 2013; M. K. McClure et al. 2016;
J. K. Calahan et al. 2021; K. R. Schwarz et al. 2021; L. Trapman
et al. 2022b), but with the end of the Herschel mission we
currently lack a far-infrared observatory capable of observing
HD in more disks.

The most commonly used gas mass tracer is therefore CO, the
second most abundant molecule in the gas, whose bright
millimeter lines are detected toward most protoplanetary disks
(e.g., A. Dutrey et al. 1996; W. R. F. Dent et al. 2005;
J. P. Williams & W. M. J. Best 2014; M. Ansdell et al. 2016,
2018; F. Long et al. 2017). Initial gas mass measurements based
on the optically thin isotopologues of CO, '*CO and C'0O,
revealed gas-to-dust mass ratios that were much lower than the
ISM value (e.g., J. P. Williams & W. M. J. Best 2014; A. Miotello
et al. 2017; F. Long et al. 2017). Cross-comparisons with
independent gas mass tracers, such as HD, suggested that these
CO-based gas masses were underestimating the true disk mass.

The likely cause of this underestimation is the omission of
one or more processes affecting gaseous CO in disks (e.g.,
A. Miotello et al. 2023). The original thermochemical models

used to derive gas masses included (isotope-selective)
photodissociation and freeze-out, the two dominant processes
that set the CO abundance structure (e.g., Y. Aikawa et al.
2002; R. Visser et al. 2009; A. Miotello et al. 2014; M. Ruaud
& U. Gorti 2019). Several processes have been suggested to
explain the low CO-based gas masses, including the chemical
conversion of CO into more complex, less volatile species
(e.g., Y. Aikawa et al. 1997; K. Furuya & Y. Aikawa 2014;
M. Yu et al. 2016, 2017; A. D. Bosman et al. 2018;
K. R. Schwarz et al. 2018; M. Ruaud et al. 2022; K. Furuya
et al. 2022) and locking up CO into larger dust bodies that
settle toward the midplane (e.g., E. A. Bergin et al. 2010, 2016;
M. Kama et al. 2016; S. Krijt et al. 2018, 2020; E. Van Clepper
et al. 2022; D. Powell et al. 2022).

An alternative approach was suggested by D. E. Anderson
et al. (2019) and L. Trapman et al. (2022b), namely to combine
observations of CO and N,H™. In the presence of CO-rich gas
the formation of N,H' is inhibited and its destruction is
increased, making N,H" an excellent tracer of CO-poor gas in
protoplanetary disks. By simultaneously fitting CO and N,H*,
the latter provides an observational estimate of how much CO
has been removed from the gas by the processes mentioned
previously and therefore how much the CO-based gas mass
needs to be corrected to obtain the correct total gas mass.
L. Trapman et al. (2022b) showed that gas masses measured
from the combination of CO isotopologue and N,H™ lines are
consistent with HD-based gas masses. This approach was also
recently used by L. Trapman et al. (2025) to measure gas
masses for 20 of the disks in the AGE-PRO ALMA large
program (K. Zhang et al. 2025).

The unprecedented spatial and spectral resolution and
sensitivity of the Atacama Large Millimeter/submillimeter
Array (ALMA) has made it possible to measure protoplanetary
disk masses in a new and completely independent way, namely
through gas kinematics (for a review see C. Pinte et al. 2023).
Briefly, while the motions of gas in protoplanetary disks are
dominated by the gravitational potential of stars modulated by
the pressure gradient, the disk self-gravity can leave an
observable signature in the gas kinematics from which the
disk mass can be measured. In contrast to the methods
discussed previously, kinematically measured gas masses trace
the total disk mass directly and circumvent the main sources of
uncertainty that affect the indirect methods, such as CO
chemistry and dust grain properties.

This technique was first applied by B. Veronesi et al. (2021)
for the disk around Elias 2-27, and similar mass measurements
have been carried out for the five disks in the MAPS ALMA
large program (G. Lodato et al. 2023; P. Martire et al. 2024; see
also S. M. Andrews et al. 2024; B. Veronesi et al. 2024). In an
accompanying Letter C. Longarini et al. (2025) used the
rotation curves derived by J. Stadler et al. (2025) from
observations from the exoALMA large program (R. Teague
et al. 2025) to kinematically measure disk masses of a subset of
the exoALMA sample. They focused their attention on 10
disks, for which the geometrical orientation in the sky allows
robust constraints on disk masses from self-gravity.

Given the importance of gas disk mass for planet formation,
it is crucial that indirect, but more widely applicable, line-flux-
based gas masses are compared and benchmarked against
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Table 1
Stellar and Disk Parameters
Name R.A. Decl. Distance SpT Tetr L, M, Flamm Maus' PA i VLSR References
(pc) X) Le) Mo)  (mly)  (Ms) (deg) (deg) (kms")

DM Tau 04:33:48.73 18:10:09.97 144 M2 3715 0.24 0.45 104.7 79.3 336 39 6.0 1,2
AA Tau 04:34:55.42 24:28:53.03 135 K7 4350 1.10 0.79 67.0 27.8 273 59 6.4 6
LkCa 15 04:39:17.79 22:21:03.39 157 K5 4365 1.00 1.14 151.0 85.9 62 50 6.2 5
HD 34282 05:16:00.48  —09:48:35.39 309 A0 9520 10.8 1.61 99.0 109.4 117 58 —2.4 11, 13
MWC 758 05:30:27.53 25:19:57.08 156 A7 7850 14.0 1.40 70.7 19.1 240 19 6.0 13, 14
CQ Tau 05:35:58.47 24:44:54.09 149 F2 6890 10.0 14 144.0 44.4 235 52 6.1 12, 13
PDS 66 13:22:07.54  —69:38:12.22 98 K1V 5035 1.20 1.28 148.0 30.4 189 32 4.0 7,8
HD 15:15:48.45  —37:09:16.02 135 F5 6440 6.70 1.61 117.0 28.1 243 16 7.0 11

135344B
HD 143006 15:58:36.91  —22:57:15.22 167 G7 5620 3.80 1.56 59.0 24.6 169 17 7.8 9, 10
RXJ 16:15:20.23  —32:55:05.10 156 K5 4350 0.60 1.14 480.0 312.3 325 47 8.0 1

1615.3-

3255
V4046 Sgr 18:14:10.48  —32:47:34.52 72 K5/K7 4370 0.5/0.3* 1.73 327.0 47.6 256 34 3.0 3
RXJ 18:42:57.98  —35:32:42.83 151 K2 4780 0.80 1.07 63.2 36.6 206 39 6.0 4

1842.9-

3532
RXJ 18:52:17.30  —37:00:11.95 147 K2 4780 0.60 1.03 58.2 33.2 147 33 5.6 4

1852.3-

3700
GM Aur 04:55:10.98 21:59:54.00 159 K6 4350 1.20 1.10 162.0 88.3 57 53 5.6 15, 16
AS 209 16:49:15.30  —14:22:08.64 121 K5 4266 1.41 1.20 288.0 86.5 86 35 4.6 17, 18
IM Lup 15:56:09.21  —37:56:06.13 158 K5 4266 2.57 1.10 253.0 108.3 144 48 4.5 19, 20
MWC 480 04:58:46.30 29:50:37.00 162 A5 8250 21.9 2.10 253.0 61.9 148 37 5.1 21
HD 163296 17:56:21.30  —21:57:22.00 101 Al 9355 17.0 2.00 715.0 73.0 133 47 4.8 11
Elias 2-27 16:26:45.0 —24:23:7.8 116 MO 3850 0.92 0.49 330.0 103.9 119 56 2.0 18
Notes.

4 V4046 Sgr is a compact binary system. The table lists the spectral type (SpT) and stellar luminosity for both its stars.

® Dust masses are computed from the 1.3 mm continuum flux using Mg,s = Fl.gmmdz/lﬁ',yBl,(T) assuming r, = 2.3 X (/230 GHz) cm? g 'and T = 20 K (see
S. V. W. Beckwith et al. 1990; C. F. Manara et al. 2023). References: M,, i, and position angle (PA) from A. F. Izquierdo et al. (2025), R.A., decl., and distance from
Table 1 of R. Teague et al. (2025).

References. 1: G. H. Herbig (1977), 2: S. M. Andrews et al. (2011), 3: J. Bouvier et al. (1999), 4: S. M. Andrews et al. (2018a), 5: J. R. Fairlamb et al. (2015), 6:
J. Guzmén-Diaz et al. (2021), 7: B. Acke et al. (2005), 8: G. H. Herbig (1960), 9: E. E. Mamajek et al. (2002), 10: A. Ribas et al. (2023), 11: K. L. Luhman &
E. E. Mamajek (2012), 12: S. A. Barenfeld et al. (2016), 13: G. R. Quast et al. (2000), 14: C. F. Manara et al. (2014), 15: C. Espaillat et al. (2010), 16: E. Macias et al.
(2018), 17: G. H. Herbig & K. R. Bell (1988), 18: S. M. Andrews et al. (2009), 19: J. M. Alcald et al. (2017), 20: J. M. Alcald et al. (2019), 21: B. Montesinos et al.

(2009).

kinematically measured gas masses. In this work we carry out
this benchmark and present new N,H" J = 3-2 ALMA Band 7
observations of 11 disks and new C'®0 J=2-1 observations
for one disk (RXJ 1842.9-3532). We combine these
observations with archival ALMA observations of N,H™,
3CO, and C'®0 to measure gas disk masses for 19 disks,
which we compare to kinematically based gas masses from the
literature (B. Veronesi et al. 2021; P. Martire et al. 2024,
C. Longarini et al. 2025).

The structure of this Letter is as follows. In Section 2 we
outline our sample and describe the calibration and imaging of
the new and archival observations. In Section 3 we describe
how we measure gas mass from these observations. Section 4
analyzes these gas masses and compares them to the
kinematically measured gas masses. These results are discussed
in Section 5 and we present our conclusions in Section 6.

2. Observations and Sample
2.1. Sample

The sample discussed in this work differs somewhat from the
exoALMA disk sample (R. Teague et al. 2025). Of the 15
exoALMA disks, all but two, SY Cha and RXJ 1604-3010 A,

have observations of N,H' (3-2) and 3CO and C"®0O (2-1) or
(3-2) available in the ALMA archive or presented in this work.
As we will discuss in Section 3 these lines are needed to
measure the gas mass, so we limit our analysis to these 13
disks. For nine of the 13 disks C. Longarini et al. (2025) were
able to measure kinematic gas masses from the rotation curves
presented by J. Stadler et al. (2025). The remaining four disks
were either too face-on or their emission was too asymmetric to
obtain reliable kinematic gas masses (see C. Longarini et al.
2025 for details). While this prevents us from performing a gas
mass comparison with kinematics, we do include these four
disks in our other analyses.

We supplement our 13 exoALMA disks with six disks where
kinematically measured gas masses are also available
(B. Veronesi et al. 2021; P. Martire et al. 2024) to maximize
the number of disks with such measurements in our sample.
These are the five disks from the MAPS large program
(K. I. Oberg et al. 2021) and Elias 2-27 (e.g., L. M. Pérez et al.
2016; T. Paneque-Carrefio et al. 2021). These six disks also
have the necessary line fluxes available to measure their gas
masses. Our full sample thus consists of 19 disks, 15 of which
have kinematically measured gas masses. Stellar and disk
parameters of the sample are summarized in Table 1.
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2.2. New Observations

We present new ALMA Band 7 observations of N,H™"
J=13-2 for AA Tau, CQ Tau, MWC 758, RXJ 1615.3-3255,
RXJ 1852.3-3700, RXJ 1842.9-3532, PDS 66, HD 34282, HD
143006, HD 135344B, and Elias 2-27 (IDs 2022.1.00485.S,
2023.1.00334.S; PI: L. Trapman). We also present ALMA
Band 6 observations of C'®0 (2-1) and C'70 2-1 for RXJ
1842.9-3532 (ID 2023.1.00334.S).

The ALMA Band 6 and 7 observations were carried out from
2023 October to 2024 May for program 2023.1.00334.S, with
baseline lengths between 15 and 1200 m and from 2022
October to 2023 January for program 2022.1.00485.S, with
baseline lengths between 15 and 740 m.

The Band 7 correlator was set up to cover N,H" (3-2) at
279.517 GHz, DCO" 4-3 at 288.149 GHz, DCN 4-3 at
289.65 GHz, C**S 6-5 at 189.215 GHz, and H,CO 44303
at 290.623 GHz. All lines are covered at a spectral resolution of
122 kHz (~120 m s~ ") with the exception of H,CO, which was
covered at a coarser spectral resolution of 977 kHz
(1.2kms ). In addition to the lines the correlator setup also
includes two 1.875 GHz wide continuum spectral windows
centered at 278.008 GHz and 290.870 GHz, respectively. Note
that the window at the higher frequency is the same spectral
window that covers the H,CO line, which is why it has a
coarser spectral resolution.

The Band 6 correlator was set up to cover the c'®o (2-1)
line at 219.565 GHz, C'’0 2-1 at 224.719 GHz, SO, 4,,-313
at 235.156 GHz, HCC'’CN 26-25 at 235.514 GHz, HC'"CCN
26-25 at 235.537 GHz, and HCCCN 26-25 at 236.517 GHz.
All lines are covered at a spectral resolution of 122 kHz
(~150ms™") with the exception of C'80 (2-1), which is
covered at a higher spectral resolution of 61 kHz (83.3ms ™).
In addition to the lines the correlator setup also includes a
1.875GHz wide continuum spectral window centered at
237.063 GHz.

The on-source times for Band 7 and Band 6 were
30-50 minutes and 40 minutes, respectively. The observational
details are summarized in Table Al.

2.2.1. Data Reduction

All observations were initially calibrated using the Common
Astronomy Software Application (CASA; CASA-Team et al.
2022) pipeline version 6.4.1.12 for program 2022.1.00485.S
and 6.5.4.9 for program 2023.1.00334.S using the script-
forPI.py as provided with the data.

The signal-to-noise ratio (SNR) of our observations was high
enough to conduct self-calibration after the initial pipeline
calibration. Our approach was based on the self-cal procedures
of the DSHARP, MAPS, and AGE-PRO large programs (e.g.,
S. M. Andrews et al. 2018b; I. Czekala et al. 2021; K. Zhang
et al. 2025). It is nearly identical to the exoALMA self-
calibration procedure, with the exception of the spatial
alignment (see R. Loomis et al. 2025 for details).

First, continuum-only visibility data sets were created by
flagging all channels within 20 kms ™" of one of the lines in
our spectral setup, irrespective of whether this line was detected
or not. The resulting line-free continuum channels were
averaged together into channels with a maximum width of
125 MHz. Next, individual execution blocks were astrome-
trically aligned by fitting 2D Gaussians to their continuum
emission in the image plane and aligning their phase centers to
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the coordinates listed in Table 1. For HD 135344B,
HD 143006, HD 34282, and MWC 758 the continuum
emission was found to be too asymmetric to be reliably fitted
with a Gaussian. Here we instead fitted the data with a
Gaussian ring, using its center to align the measurement sets.

After alignment we checked relative flux scaling between
execution blocks by deprojecting the continuum visibilities
using disk geometry from the literature (see Table 1) and
comparing their amplitude profile as a function of baseline
length. In all cases we found the fluxes of individual execution
blocks for a single source to differ by less than 10%. As this is
within the expected absolute flux uncertainty of ALMA we did
not rescale the fluxes.

Self-calibration was then carried out first on just the short-
baseline observations, followed by a second self-calibration
using the combined self-calibrated short-baseline and non-self-
calibrated long-baseline observations. For both self-calibration
sets we performed 1-3 rounds of phase-only self-calibration
followed by a single round of amplitude+phase self-
calibration. For the phase-only rounds the initial solution
interval was chosen to be the full on-source time. Each
consecutive round reduced that interval by a factor of 2, ending
when the current phase-only solution improved the peak SNR
by less than 10% compared to the previous solution.

After self-calibration the obtained gain tables were applied to
the full visibility data set, followed by a subtraction of the
continuum using the task uvcontsub. For each spectral
window we flag all channels within £20 km s~ of each line in
the spectral setup before fitting the remaining channels with a
first-order polynomial.

2.2.2. Imaging

The lines and continuum were imaged with the CASA task
tclean using the “multiscale” deconvolver with scales of [0,
5, 15] 0”02 pixels, a “Briggs” weighting with a robust
parameter of 0.5, a gain of 0.08, and a small scale bias of 0.45.
The images were cleaned down to a threshold of 1o, measured
from an emission-free part of the cube. For imaging the lines
we also include a Keplerian mask created using the routine
from R. Teague (2020) with the parameters listed in Table 1.
This results in a typical beam of ~0725 — 0735 and
sensitivities of ~3—5 mJy beam ™" per 0.25 kms™' channel.

2.3. Archival Observations

In addition to the new N,H" (3-2) observations presented in
this work we also make use of a large set of archival
observations, primarily ones that provide '*CO and C'®O
observations for our sources. In most cases these are of the
J=2-1 transition, but for RXJ 1615.3-3255, AA Tau, HD
143006, and HD 135344B, observations of this transition were
not available in the ALMA archive so the J = 3-2 transition is
used instead. For Elias 2-27 observations of J=2-1 are
available but show significantly more cloud contamination than
the J=3-2 observations. We therefore opt to use the latter
transition here. Table A2 in the Appendix summarizes the
program IDs of the archival data sets, and for further details on
the observations and data reduction of each we refer the reader
to the works listed in the table.

For two sources, RXJ 1615.3-3255 and HD 143006, one or
both of the CO isotopologue archival observations have not
previously appeared in the literature. For these sources we
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Figure 1. Gallery of the new ALMA Band 6 and 7 observations presented in this work. Colors are peak-normalized for each individual panel. For each source the
285 GHz continuum is shown first, with its N,H™ (3-2) integrated intensity map shown directly below that. Note that the last two panels show the Band 6 225 GHz
and C'80 (2-1) observations of RXJ 1842.9-3532. White (except for C'®0) and pink contours denote 5¢ and 30, respectively. The white contours for C'*0 also

show 30.

calibrated, self-calibrated, and imaged the archival data
following the same procedure as was used for the new
observations. A more in-depth analysis of the CO isotopologue
observations of HD 143006 will be presented by S. E. van
Terwisga et al. (2025, in preparation).

2.4. A First Look at the Observations

Integrated intensity maps of the 285 GHz continuum and
N,H" of each source in our sample are presented in Figure 1.
While some of the disks exhibit substructures, this work will
focus on the gas mass derived from integrated fluxes, and the
analysis of the resolved emission will be presented in a
future work.

To measure integrated fluxes, the data cubes were first
corrected for the non-Gaussian beam resulting from multi-
configuration ALMA observations following I. Czekala et al.
(2021) (so-called JvM correction, see also S. Jorsater &
G. A. van Moorsel 1995). In the case of line emission, integrated
intensity maps were created using the same Keplerian mask used
for imaging. From the resulting 2D images the integrated flux
was measured using a curve-of-growth method.** Here the flux
is measured using increasingly larger elliptical apertures with
the same aspect ratio and orientation as the disk until te
integrated flux plateaus. We note that this method was only

3 As implemented in https://zenodo.org/records/14973489.

used to measure fluxes from the new observations and the
archival observations where integrated fluxes had not been
previously published. For sources where CO isotopologue or
N,H" integrated line fluxes were already available we adopt
the published values to maintain consistency with existing
literature. The integrated line and continuum fluxes are
summarized in Table A2.

Figure 2 shows the integrated line and continuum fluxes
from this work combined with the 20 class II disks from the
AGE-PRO ALMA large program first presented by D. Deng
et al. (2025) and C. Agurto-Gangas et al. (2025). Note that for
C'"80 we have scaled down the C'®0 (3-2) line fluxes by a
factor of 2.3, which is the median C'®0 (3-2)/C'®0 (2-1) flux
line ratio for thermochemical models with Mgy > 1074 M
from L. Trapman et al. (2025). Starting from the top panel of
Figure 2, we see a correlation between C'®0 and 225 GHz
continuum fluxes, which is in line with earlier works (e.g.,
J. B. Bergner et al. 2019; D. E. Anderson et al. 2024; D. Deng
et al. 2025; C. Agurto-Gangas et al. 2025). The combined
sample of the three ALMA large programs—MAPS, AGE-
PRO, and exoALMA—shows that this correlation holds over
more than three orders of magnitude in both continuum and
C'"*0 flux.

If the Herbig disks are excluded, a similar positive
correlation can be seen between N,H' (3-2) and the
285 GHz continuum fluxes for the T Tauri disks, also in line
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Figure 2. Integrated line and continuum fluxes, scaled to a distance of 150 pc,
of the disk sample examined in this work (in green, blue, and purple) combined
with 20 class II disks from the AGE-PRO ALMA large program, shown in
black (D. Deng et al. 2025; C. Agurto-Gangas et al. 2025). C'*0 (2-1) and
(3-2) observations are denoted as circles and stars, resgectively. The C'*0
(3-2) fluxes are reduced by a factor of 2.3, the median C'*0 (3-2)/C"*0 (2-1)
line ratio of models with Mgy > 107* M., from L. Trapman et al. (2025).
Herbig disks are highlighted with a pink circle. Triangles show uR?er limits,
with open triangles representing upper limits in both N,H' and C'°0.
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with previous findings (e.g., D. E. Anderson et al. 2022, 2024;
D. Deng et al. 2025; C. Agurto-Gangas et al. 2025). It is
unclear whether the same correlation is also present for faint
(<10 mly) continuum sources due to the low detection rate of
N,H" (3-2) below that point. It should also be noted that,
while suggestive, the trend of N,H' upper limits with
continuum flux is an artifact of the correlation between
continuum flux and continuum disk size (e.g., A. Tripathi
et al. 2017; N. Hendler et al. 2020). For the N,H"
nondetections the size of the continuum dust disk was used
as the aperture size for many sources, which when combined
with the continuum flux—size relation leads to a positive
correlation between the N,H" upper limit threshold and the
continuum flux (see D. Deng et al. 2025; C. Agurto-Gangas
et al. 2025 for details).

The middle panel of Figure 2 also shows that the Herbig
disks in the sample do not follow the same N,H"—continuum
flux correlation as is seen for the T Tauri disks. For Herbig
disks of a given continuum flux the N,H' (3-2) integrated flux
is approximately an order of magnitude fainter. A likely cause
of this is the higher stellar luminosities of these sources
warming up the disk. This results in less CO freeze-out and
therefore a higher CO abundance that inhibits the formation of
N,H" (e.g., C. Qi et al. 2015). Curiously, the N,H" flux of
Elias 2-27, itself an MO T Tauri star, lies closer to the Herbig
disks than to the T Tauri disks. A possible explanation could be
the young age of the system, with active accretion through the
disk and backwarming by an envelope increasing the disk
temperature to levels similar to those in the Herbig disks (e.g.,
P. D’Alessio et al. 1998; B. A. Whitney et al. 2013;
M. L. R. van ’t Hoff et al. 2018, 2020; A. Kuznetsova et al.
2022). An alternative explanation could be a low midplane
ionization rate in this source, which we will discuss further in
Section 5.3.

The bottom panel of Figure 2 shows C'®0 set against NoH™.
Again excluding the Herbig disks, we see that above a C'*0 flux
of ~100 mJy km s~ ! the two lines are correlated, similar to what
was recently found by D. E. Anderson et al. (2024). As
discussed by these authors this correlation is unexpected given
the anticorrelation between CO and N,H™, but it could suggest
that other factors, such as disk mass and size, dominate over
chemical effects. Alternatively, a correlation would also be
expected if CO abundances are similar between disks (e.g.,
D. Deng et al. 2025; C. Agurto-Gangas et al. 2025). It is unclear
whether the correlation extends below this threshold. N,H™ is
only detected for six of the 18 sources with a C'*0 flux
<100 mJy km s~ but one of those detections is for the source
with the faintest C'®0O detection in the figure. As these are all
AGE-PRO sources we refer the reader to D. Deng et al. (2025)
and C. Agurto-Gangas et al. (2025) for a more detailed analysis.

As in the middle panel, the Herbig disks and Elias 2-27
occupy a different part of the figure. These sources have N,H"
fluxes that are ~1-2 orders of magnitude lower than those of T
Tauri disks with similar C'®0 fluxes. Located in between the
Herbigs and the T Tauris is the disk around HD 143006, a star
of spectral type G7 whose stellar luminosity lies in between
those of the T Tauri and Herbig stars that make up our sample.
Its location in the bottom panel of Figure 2 is consistent with
the idea that a higher overall disk temperature, driven by a
higher stellar luminosity, is what sets apart Herbig and T Tauri
disks.
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3. Measuring Gas Disk Masses from Line Emission

For measuring the gas disk masses (My,s) in our sample we
follow the approach of L. Trapman et al. (2025) using the grid
of thermochemical models presented in the same work. To
briefly summarize this approach: L. Trapman et al. (2025) used
the thermochemical code DALI (S. Bruderer et al. 2012;
S. Bruderer 2013) to run a large grid of disk models where they
varied the disk mass, characteristic size, stellar luminosity,
vertical structure, and dust properties. These models include
isotope-selective photodissociation and chemistry for CO
following A. Miotello et al. (2014), but they do not include
the processes thought to be responsible for removing CO from
the gas in the CO-emitting layer. Instead, in their models the
peak CO abundance in the CO-emitting layer is included as a
free parameter (3 X 1077 <xco < 107%), which serves as a
proxy for processes beyond photodissocation and freeze-out
that affect gaseous CO in the disk. Constraining this parameter
is the main reason for including N,H" in addition to the CO
lines, as it breaks the degeneracy between disk mass and xco
encountered when only using CO lines (e.g., D. E. Anderson
et al. 2019, 2022; L. Trapman et al. 2022b; K. L Oberg
et al. 2023).

Using synthetic observations from this model grid, they used
a Markov Chain Monte Carlo (MCMC) procedure to carry out
a X2 fit of the observed 225 GHz continuum, Bco 2-1), c'®o
(2-1), and N,HT (3-2) integrated line fluxes and derive a
posterior distribution for the disks in AGE-PRO (see
L. Trapman et al. 2025 for further details).

In this work we make a few small modifications to this
approach. First, we use 104 M, < M, < 0.5 M, as a prior for
the disk mass, which is in line with the fact that the sources in
this work are much brighter and likely more massive than the
AGE-PRO disks. This prior is assumed to be uniform in log-
space as the gas mass is also fit in log-space. Second, six T
Tauri sources in our sample have stellar luminosities
L, > 1L, which is the maximum stellar luminosity in the
L. Trapman et al. (2025) model grid. As fitting the observations
with a low stellar luminosity could lead to an overestimation of
the amount of CO freeze-out and thus an overestimation of the
gas disk mass, we ran an extra series of models** with L, = 3.0
L, varying all other parameters as in L. Trapman et al. (2025),
except that we skip R.=1au and M, < 107* M., as these
models would be too compact and /or low-mass to represent the
disks in our sample.

It is also worth pointing out that many of the sources in the
sample have large dust cavities and/or other dust substructures
(e.g., Figure 1; L. M. Pérez et al. 2015; T. Paneque-Carrefio
et al. 2021; A. Sierra et al. 2021; P. Curone et al. 2025), which
are not present in thermochemical models. We will revisit their
impact on our results in Section 5.2.

The Herbig disks in our sample, i.e., HD 135344B, HD
34282, CQ Tau, MWC 758, HD 163296, and MWC 480,
warrant a slightly different approach. The models of
L. Trapman et al. (2025) were run using stellar properties
typical for T Tauri stars (7o = 3500-4000 K; L, =0.1-1.0
L.), making them not representative for these sources.
Recently, L. M. Stapper et al. (2024) presented a large grid
of thermochemical models for Herbig disks, which they used to
measure gas masses for a large sample of Herbig disks. In order

3% The fluxes for these models and the ones presented in Section 5.2 and 5.4
are available at Zenodo DOI: 10.5281/zenodo.15148628.
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to have a method for measuring gas mass that is as consistent as
possible for both T Tauri and Herbig disks we use the model grid
from L. M. Stapper et al. (2024) and fit the observations—in this
case the '*CO and C'"®*0—using a similar MCMC method to that
used for the T Tauri disks. For consistency we also compare our
derived Herbig gas disk masses with the values obtained by
L. M. Stapper et al. (2024), finding excellent agreement between
the two estimates of gas mass, with gas masses being within a
factor of ~3 (10) of each other.

It should be noted here that the models from L. M. Stapper
et al. (2024) do not include the peak CO abundances as a free
parameter. Several studies find that CO in Herbig disks is
underabundant by an order of magnitude (e.g., T. Paneque-Carrefio
et al. 2025; G. Rosotti et al. 2025). However, as we will show in
Section 5.4, including the CO abundance as a free parameter and
fitting NoH™ in addition to the CO lines does not significantly
change the derived gas mass.

4. Results
4.1. Line-based Gas Disk Masses

Figure 3 shows the gas masses derived from fitting the
225GHz dust continnum and ">CO, C'0, and N,H'
integrated line fluxes. The gas masses are also summarized in
Table 2. We find overall high gas masses in the range of
~0.01-0.1 M, which is unsurprising as the disks in the sample
are among the brightest, and therefore most massive and/or
largest, protoplanetary disks in the solar neighborhood (e.g.,
K. I. Oberg et al. 2021; R. Teague et al. 2025).

In Figure 4 we plot M, against the dust mass, computed
from the continuum flux assuming a disk-averaged temperature
of 20 K and optically thin emission (see also R. H. Hildebrand
1983; M. Ansdell et al. 2016; C. F. Manara et al. 2023). We
find gas-to-dust mass ratios between ~80 and ~530 for the 19
sources examined here, similar to what is found by
C. Longarini et al. (2025) using the kinematically measured
gas masses and dust masses derived from the 870 um
continuum flux. This is a factor of a few higher than the
typical ISM value of ~100, which could indicate significant
grain growth and inward radial drift. However, given the
continuum brightness of our sources it is also very likely that
their continuum emission is optically thick, in which case the
gas-to-dust mass ratio here represents an upper limit.

Also shown in Figure 4 are the 20 class II disks from the
AGE-PRO ALMA large program (K. Zhang et al. 2025). Their
gas masses and gas-to-dust ratios are discussed extensively by
L. Trapman et al. (2025). We include them here mostly to
highlight that in terms of both dust and gas mass the MAPS,
AGE-PRO, and exoALMA large programs sample different
groups of objects (see K. I. Oberg et al. 2021; R. Teague et al.
2025; K. Zhang et al. 2025).

4.2. Comparing with Gas Disk Masses from Kinematics

Figure 5 shows a comparison of the line emission-based gas
masses from this work and kinematically measured gas masses
from B. Veronesi et al. (2021), P. Martire et al. (2024), and
C. Longarini et al. (2025) for 15 disks. Note that for five disks
—AA Tau, RXJ 1615.3-3255, RXJ 1852.3-3700, PDS 66, and
AS 209—the kinematically measured gas mass is an upper
limit, set to My /My =5% (see P. Martire et al. 2024;
C. Longarini et al. 2025 for details on these sources). For the
five MAPS disks covered by P. Martire et al. (2024) we have
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Figure 3. Gas disk mass posteriors obtained from fitting either '>CO, C'®0, N,H™, and the 225 GHz continuum for the T Tauri disks (shown in blue) or '*CO, C'®0,
and the 225 GHz continuum for the Herbig disks (shown in purple). In green we show the posteriors of gas disk masses derived from the disk kinematics by
B. Veronesi et al. (2021), P. Martire et al. (2024), and C. Longarini et al. (2025). Gas mass upper limits from kinematics, taken to be 5% of the stellar mass (e.g.,
S. M. Andrews et al. 2024; B. Veronesi et al. 2024), are shown as a green vertical dashed line.

adopted minimum gas mass uncertainties of 25% of the
measured gas disk mass as recommended by S. M. Andrews
et al. (2024) and B. Veronesi et al. (2024).

Overall the two methods agree with each other within their
respective errors. Quantitatively, we find that the two gas mass
estimates agree within 10—20 and lie within a factor of 2-3 of
each other. Interestingly we also see that the line-based gas disk
masses are consistently lower than the kinematically measured
gas masses. Assuming that the kinematically measured gas
masses represent the true disk mass, this suggests that the line-
based gas mass, or at least our method of deriving it,
underestimates the true disk mass by a small factor. To quantify
this factor we compute the median ratio using a Kaplan—Meier
estimator. To incorporate the uncertainties on each gas mass we
repeat this process 10,000 times, each time drawing random line
emission-based and kinematically measured gas masses from
their respective posterior distributions. We find that the
dynamical masses in our sample are on average 2.3/ x higher
than the CO + N,H" gas masses. We will discuss possible
explanations for this in more detail in Section 5.1.

Three sources show large differences between their two gas
disk mass estimates. RXJ 1842.9-3532 and AA Tau have CO +
N,H" gas masses that are ~5x lower than their kinematically
measured gas masses, while the CO + N,H* gas mass of RXJ

1615.3-3255 is 24x larger than its kinematically measured
one. For AA Tau the uncertainties on the gas mass from
kinematics are large due to its high inclination and difficulties
in extracting its thermal structure (see M. Galloway-Sprietsma
et al. 2025; C. Longarini et al. 2025). As a result of this its two
gas estimates are within 20 of each other, similar to many of
the other sources. For RXJ 1842.9-3532 the uncertainties on
both gas measurements are too small to explain their difference.
From the kinematics side, a possible explanation could be that
in the inner disk the heights of '2CO and '*CO emission
overlap, thereby complicating the extraction of the temperature
structure. From the chemistry side, a low midplane ionization
rate ((mia S 107" s_l) and/or an underabundance in N, could
cause us to underestimate the CO + N,H" gas mass of RXJ
1842.9-3532. The difference for RXJ 1615.3-3255 is harder to
explain. As we will discuss in more detail in Section 5.1,
possible biases in the CO + N,H" gas mass measurement are
more likely to underestimate the true disk mass. And
kinematically this source does not show any obvious signs
that could indicate that its kinematically measured mass is
underestimated. It is worth mentioning that, using CO + N,H™,
RXJ 1615.3-3255 has a star-to-disk mass ratio of ~0.2, which
would have left a detectable kinematic signature (see
S. M. Andrews et al. 2024; B. Veronesi et al. 2024).
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Figure 4. Emission line-based gas disk masses vs. dust masses for the 19
sources examined in this work plus the 20 class II disks from the AGE-PRO
ALMA large program (C. Agurto-Gangas et al. 2025; D. Deng et al. 2025;
L. Trapman et al. 2025; K. Zhang et al. 2025). Note that the 1.3 mm flux used
to derive the dust mass is very likely at least somewhat optically thick for the
brightest sources, so dust masses 220 Mg, should be considered lower limits of

the true dust mass. Gray dashed lines show gas-to-dust mass ratios of 10, 100,
and 1000.

Table 2
Emission Line-based Gas Masses
name Mgy log, xco log,y §mid
M) (s™)
DM Tau 0.102*9:9% —4.2479% —17.751088
V4046 Ser 0.035+0018 —4.60° 030 —17.62135;
RXJ 1615.3-3255 0.207+3:538 —4.12759% e
RXJ 1852.3-3700 0.0579:952 —4.547022 —16.94708%
RXJ 1842.9-3532 0.009799%8 —4.60+02) e
LkCa 15 0.055%533 —4.46+0% —18.6611%3
AA Tau 0.02475:9%9 —4.607933 —17.71+9%%
PDS 66 0.05073492 —5.53%038 —17.557938
HD 143006 0.021+09%4 —5.11°9%
HD 135344B 0.0247997} —4.13019
CQ Tau 0.049* 4092 —4.50"05%"
HD 34282 0.148743% —4.11759]
MWC 758 0.031+997¢ —425%03
GM Aur 0.069+9972 —4.38+021 —18.6670%}
AS 209 0.08713432 —4.681933 —16.80+03¢
IM Lup 0.041+3:93%2 —4.457931 —18.52+079
MWC 480 0.066*303 —4.227551
HD 163296 0.074 3978 —4.28+007
Elias 2-27 0.0609.053 —4.207013 —19.48°04

Note. Best-fit gas disk masses are the median of M,,, posteriors presented in
Figure 3, with the uncertainties being the 16th and 84th quantiles of the
distribution. Herbig disk CO abundances are from the models discussed in
Section 5.4. Midplane ionization rates are from the fits discussed in Section 5.3.
# The xco fit for CQ Tau is bimodal and this value should be viewed with
caution (see Section 5.4 for details).

5. Discussion

5.1. Interpreting the (Dis)agreement between the Two Gas
Mass Measurement Methods

The previous section showed that emission line-based and
kinematically measured gas masses agree with each other, with
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Figure 5. A comparison of the emission line-based and kinematically derived
gas disk masses. Kinematic gas mass upper limits are shown in gray. Blue lines
show where line-based gas mass is 0.33x, 1x, and 3x the kinematically
derived gas mass.

the former typically being a factor of ~2x smaller than the
latter. This is a promising result given that historically disk
mass estimates could differ by up to two orders of magnitude
(e.g., A. Miotello et al. 2023). However, we should keep in
mind that both methods have their own set of systematic
uncertainties. Here we highlight the most important ones for
both methods and discuss how this affects the agreement in
derived gas masses.

Starting with the kinematically measured gas masses,
excellent summaries of the systematics were published by
S. M. Andrews et al. (2024) and B. Veronesi et al. (2024). In
addition to observational effects such as spatial resolution bias,
the main uncertainties for a kinematically measured gas mass
are the temperature structure of the disk and the measurement
of the emitting surface. The temperature is commonly
measured from optically thick CO emission at one or more
heights in the disk, depending on the number of available
optically thick CO lines (e.g., C. J. Law et al. 2021;
M. Galloway-Sprietsma et al. 2025), and must then be
extrapolated to the midplane. Tests using both toy models
and hydrodynamical simulations suggest that for massive disks
(Mgisk /My > 0.1) the true disk mass can be recovered with
little bias (<20%) and relatively low uncertainties ($25%) (see
S. M. Andrews et al. 2024; B. Veronesi et al. 2024 for details).

Measuring the disk mass from line emission is more indirect
than using kinematics because it, by necessity, requires the use
of indirect tracers such as CO as proxies for the bulk H,. Most
of the systematic uncertainties therefore arise from the
assumptions made in the thermochemical models used to link
the emission to the underlying gas mass. L. Trapman et al.
(2025) provide a summary of the main uncertainties for the
method used in this work to measure line-based gas masses,
including the N, abundances, midplane ionization rate, and
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model assumptions. The first two most likely lead to an
underestimation of the gas mass, which could explain why the
line-based gas masses are lower than the kinematically
measured ones. We will discuss the role of the cosmic-ray
ionization rate in more detail in Section 5.3. As for the model
assumption, D. Deng et al. (2025) showed that different
thermochemical models seem to converge when it comes to the
derived gas mass, particularly for the larger, more massive
disks.

The vertical temperature structure of the disk can also have
an important effect on line fluxes. C. Qi & D. J. Wilner (2024)
showed that the presence of a thick vertical isothermal layer
causes the CO column density to drop substantially beyond the
CO iceline, resulting in a narrow ring of N,H™ emission and
lower integrated CO isotopologue fluxes (see also C. Qi et al.
2019). The presence of such a layer could therefore explain the
difference between the line-based and kinematically measured
gas masses. However, C. Qi et al. (2019) also showed that thick
vertically isothermal layers are not present in three of their six
disk samples, suggesting that they might not be a universal
feature of protoplanetary disks.

To summarize, the kinematically measured gas mass
provides a more direct measure of the true disk mass. However,
it requires the disk to be massive relative to its star (Mg,s/
M, >0.05), at intermediate inclination, and overall axisym-
metric. Furthermore, measuring the disk mass requires a good
understanding of the disk temperature structure and the height
of line emission. Conversely, the CO + N,H"-based gas mass
measurement technique is more broadly applicable as it only
requires integrated fluxes and can therefore be applied to a
large sample, but it is more indirect and relies on our
understanding of CO and N,H™ disk chemistry. It is therefore
encouraging to see that the two gas mass measurement
techniques lie within a small factor (~2-3x) of each other.

5.2. The Effect of an Inner Dust Cavity on Measuring Gas
Masses

As can be seen in Figure 1, a large number of the disks in
this sample have large inner dust cavities (see also P. Curone
et al. 2025). These cavities are not included in the full disk
thermochemical models of L. Trapman et al. (2025), but their
presence will have an effect on the temperature structure of the
disk (e.g., S. Bruderer 2013; M. Leemker et al. 2022), which
could affect the gas mass measurement. To quantify the effect
of a dust cavity on our gas masses we ran an additional set
of models following the same setup as L. Trapman et al.
(2025), but with inner dust cavities of 10, 30, and 60 au. These
cavities are included as done, e.g., by S. Bruderer et al. (2012)
N. van der Marel et al. (2016), with the dust density inside the
cavity set to zero. We do also include a small inner dust disk
with a radius of 3 au and a dust depletion factor of 10*2, in line
with the typical inner dust disks found in the survey of
L. Francis & N. van der Marel (2020). As it is computationally
impracticable to rerun the full model grid we only run the
dust cavity models for Mgy € [1074, 1073, 1072, 10~'] M_,
L,=10.25,05, 1.0]Ls, and R. € [30, 60, 120, 180]au. As
the maximum stellar luminosity of these models is not
representative of the Herbigs in our sample we will limit our
analysis to the T Tauri disks with dust cavities.

Using these dust cavity models we rederive Mg, for six T
Tauri disks with observed dust cavities: AA Tau, DM Tau,
LkCa 15, RXJ 1842.9-3532, RXJ 1852.3-3700, and V4046

10

Trapman et al.

O <>
¥ % %
DM Tau V4046 Sgr RXJ1842.9
(2|5 au Icavityl) (3|1 au Icavityl) (37 au cavity)
< % o
< - <
AA Tau RX)1852.3 LkCa 15
(4.4 au Icavity) (4|9 au Icavity) (50 au cavity)
4 -3 -2 -1 -4 -3 -2 -1 4 -3 -2 -1

log10 Myisk [Mo]

0910 Maisk [Mo] 10910 Mgisk [Mo]

Figure 6. Comparison of the gas mass posteriors obtained using models with
(in red) and without (in blue) inner dust cavities. Diamonds and lines above the
distribution shows its median value and 16™ and 84" quantiles.

Sgr. These Mg, values are measured in the same fashion as is
outlined in Section 3 except that the size of the dust cavity is
now included as a free parameter, for which we assume a
Gaussian prior with a mean equal to the size of the dust cavity
from L. Francis & N. van der Marel (2020) and a standard
deviation of 10 au (~0.5x the typical beam of the observations
used to measure the size of the dust cavity). Figure 6 shows the
resulting gas mass posterior distributions and compares them to
the ones obtained using the full disk models. In all cases the gas
mass decreases when a dust cavity is included. This is
unsurprising as the presence of the cavity increases the overall
disk temperature and therefore the line brightness of the CO
lines, meaning that the observations can be reproduced with a
lower gas mass. However, Figure 6 also shows that this effect
is typically small: for the six disks examined there the reduction
in gas mass is within a factor of ~2.5.

5.3. Constraining Midplane Ionization Rates

As an ion, the abundance of N,H" depends on the midplane
ionization rate, which is relatively poorly understood in
protoplanetary disks (e.g., L. I. Cleeves et al. 2015;
R. A. Seifert et al. 2021; Y. Aikawa et al. 2021; D. E. Long
et al. 2024). It is therefore one of the main sources of
uncertainty for a disk mass obtained from CO isotopologues
and N,H". However, given our additional constraints on the
gas mass from kinematics, we can also exploit this dependence
and use N,H" to constrain the midplane ionization rate. We
note here that ionization in the midplane of our models is set
with a single ionization rate. In the disk midplane cosmic rays
are thought to be the dominant source of ionization, but other
sources, e.g., decay of radionuclides, scattered X-rays, can also
contribute or even dominate if, e.g., the midplane is shielded
(e.g., L. L. Cleeves et al. 2015). The midplane ionization rate
discussed here should therefore be interpreted as the sum of
these processes. It should also be noted that we are keeping the
N, abundance fixed, effectively assuming that it is the main
nitrogen carrier in the disk. If this is not the case and the N,
abundance is lower, then the midplane ionization rates derived
here would have to be higher to reproduce the observed amount
of N2H+.
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Figure 7. Posterior distributions of the cosmic-ray ionization rate ((miq),
obtained by refitting the observation using the kinematically measured gas
mass and its uncertainties as a prior. Diamonds and lines above the distribution
shows its median value and 16™ and 84™ quantiles.

Figure 7 shows the posterior distributions of (,;q where we
have refit the observations but now use the kinematically
derived gas masses and their uncertainties as a prior during the
fit. We exclude RXJ 1842.9-3532 and RXJ 1615.3-3255 as
their line-based and kinematic gas masses proved too different
from each other to use the kinematic gas mass as a prior while
fitting the line emission. Overall we find a wide range of
midplane ionization rates, from (g~ 107757 for AS 209
and RXJ 1852.3-3700 t0 (mia~ 3 x 1072°s™! for Elias 2-27.
We find a median ionization rate of (;q=1.5 X 107 8s 1,
However, the uncertainty of (,;q for individual sources is large,
typically ~1.5 dex, suggesting that N,H" alone only provides a
moderate constraint on the ionization rate.

Comparing our rough, disk-averaged rates to previous
studies that used more complex models and observations of
multiple ions (e.g., Y. Aikawa et al. 2021; R. A. Seifert et al.
2021; D. E. Long et al. 2024), we find overall agreement. For
example, D. E. Long et al. (2024) find a moderate ionization
rate of 10~'® s~! for DM Tau, which agrees very well with our
median value for the source ((niq=1.5 % 108 s_l). Simi-
larly, Y. Aikawa et al. (2021) report midplane ionization rates
of (nia>107"8s™! for AS 209 and IM Lup, and
Cmia <107 57! for GM Aur. For AS 209 and GM Aur our
results are in agreement with Y. Aikawa et al. (2021), but for
IM Lup we find a somewhat lower value of ~3 x 10795~
However, R. A. Seifert et al. (2021) showed that IM Lup has
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radially varying midplane ionization rate, with (pnig S
1072°s™" inside 100au and (g > 107" s™" between 100
and 300 au. As our sole constraint comes from the integrated
N,H" flux, we are probing a mix of these two regions, which
could explain our overall lower midplane ionization rate.

5.4. The Role of N.H" in Constraining Herbig Gas Disk
Masses

In this work we have measured gas masses for T Tauri and
Herbig disks in slightly different ways, the largest difference
being that for the Herbig disks we do not fit the N,H™"
observations. Initial gas measurements using CO found that the
gas-to-dust mass ratios of T Tauri disks were much lower than
the ISM value of ~100 (e.g., J. P. Williams & W. M. J. Best
2014; A. Miotello et al. 2017; F. Long et al. 2017).
Comparisons with other gas mass traces such as HD
(E. A. Bergin et al. 2013; M. K. McClure et al. 2016)
suggested that the CO is underabundant in the warm molecular
layer of protoplanetary disks, leading to the inclusion of N,H™"
as an additional constraint on the gas-phase CO abundance
(D. E. Anderson et al. 2019, 2022; L. Trapman et al. 2022b,
2025). For Herbig disks CO-based gas-to-dust mass ratios are
routinely found to be at or above the ISM value of ~100 (e.g.,
L. M. Stapper et al. 2024). This suggests that the processes that
reduce the gas-phase CO abundance in T Tauri disks do not
significantly affect disks around Herbig stars.

However, this does not exclude the possibility that the gas-
phase CO in Herbig disks could be at least mildly under-
abundant and that their CO-based gas masses could therefore
underestimate their true gas masses. Indeed, several studies
have found that at least some Herbig disks seem underabundant
in CO to some degree (e.g., K. Zhang et al. 2021;
T. Paneque-Carrefio et al. 2025; G. Rosotti et al. 2025). We
can test this hypothesis by fitting the N,H™ flux in addition to
the CO fluxes, identical to how we fitted the T Tauri disks (see
Section 3). Unfortunately the models in L. M. Stapper et al.
(2024) do not include synthetic observations of N,H". We
therefore ran another set of models analogous to the new
L,=3 L. models described in Section 3 but using the
observed stellar spectrum of HD 163296 (L,=17 L.;
O. Dionatos et al. 2019).

Using these models we fit the observations of the six Herbig
disks in our sample twice, once where we fit the 1.3 mm
continuum and ' CO, ClSO, and N,H line fluxes while having
the peak CO abundance be a free parameter and once where we
fit the 1.3 mm continuum and "*CO and C'®0 line fluxes and
keep the peak CO abundance fixed (analogous to fitting the
Herbig disks using the L. M. Stapper et al. (2024) models). We
note the L. M. Stapper et al. (2024) models cover a wider range
of parameters relevant for Herbig disks (e.g., L, scale height)
and have a higher mass resolution than our models. The disk
masses derived here therefore do not supersede the ones
presented in Section 4.1.

Figure 8 shows the resulting gas mass posteriors for the two
fits. For all six source we find that the gas masses are nearly
identical, with the mean estimates lying within ~15% of each
other. The dual peak structure of the posterior of CQ Tau is due
to a lack of models. Its best-fit characteristic radius using the
L. M. Stapper et al. (2024) models is R. =~ 12 au, while the
smallest model in our grid with My = 0.5 M, has R, = 15 au.
This causes the MCMC procedure to oscillate between these
models and models with My = 0.1 M, and R, =5 au, which
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Figure 8. Comparison of the gas mass posteriors for the six Herbig disks for
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Diamonds and lines above the distribution shows its median value and 16™ and
84™ quantiles.

ST T-Tauri
4 =] Herbig
w0
E 3 | I
>
o
O 2 |
1 |
O 1 1 1
—6.0 -5.5 -5.0 —-4.5 —-4.0

median 10919 Xco

Figure 9. Histogram of the median peak CO abundances, split between the
Herbig disks (in red) and the T Tauri disks (in blue).

are included in the grid. Due to this incomplete fit we caution
against using xco for CQ Tau and we have excluded it from our
analysis here.

Figure 9 shows a histogram of the median peak CO
abundances of the Herbig disks discussed here and the T Tauri
disks examined previously. For the Herbig disks we find
median values of log,,xco =~ —4.35 — 4.1, which is very close
to the ISM value of log,,xco ~ —4. Peak CO abundances of
the T Tauri disks are typically lower, peaking at
logyxco ~ —4.6, and they can be as low as logxco =
—5.6 (Table 2).

This suggests different chemical paths for the T Tauri and
Herbig disks, where in the colder T Tauri disks a significant
fraction of the gaseous CO freezes out and is converted into
less volatile species such as CO,, whereas in the warmer
Herbig disks most of the CO stays in the gas and is not
chemically converted (see K. I. Oberg et al. 2023 for a recent
review).

The high peak CO abundances found here seem at odds with
the lower values found in other works (e.g., K. Zhang et al.
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2021; T. Paneque-Carrefio et al. 2025; G. Rosotti et al. 2025).
T. Paneque-Carrefio et al. (2025) and G. Rosotti et al. (2025)
independently showed that the height of emission of optically
thick CO lines is strongly correlated to both the disk mass and
the CO abundance. They found that in order to reproduce the
height of CO emission of a number of Herbig disks using the
gas mass from previous estimates they need reduce the CO
abundance by a factor of up to 10.

One possible explanation of the dichotomy between these
works and the results here is that the two methods trace
different parts of the disk. The N,H" (3-2) emission
predominantly traces the layer between the CO and N, icelines
(e.g., C. Qietal. 2013, 2019; M. L. R. van ’t Hoff et al. 2017)
and is therefore most sensitive to the CO abundance of the gas
close to the CO iceline. Conversely, the height of CO emission
is most sensitive to the CO abundance at the top of the CO-
emitting layer, close to where CO is photodissociated.

We should note here that these results apply specifically for
Herbig disks. Similar tests for T Tauri disks show that their gas
masses can be ~3-30x higher and their CO peak gas
abundances ~3—30x lower if N,H" is included with CO
when measuring gas masses (e.g., Table 2; see also
D. E. Anderson et al. 2019, 2022; L. Trapman et al. 2022a;
J. A. Sturm et al. 2023).

6. Conclusions

In this work we have presented new ALMA Band 7
observations of N,H" (3-2) for 11 protoplanetary disks and
Band 6 C'80 (2-1) observations for one disk. These we
combine with archival N,H*, 13CO, and C'8%0 observations to
measure gas disk masses for 19 disks, primarily from the
exoALMA and MAPS ALMA large programs. For the 15 disks
where kinematically measured gas masses are available we
compare the two gas mass measuring techniques. Our main
conclusions are listed below.

1. For T Tauri disks we find clear correlations between the
continuum flux and the C'®0 and N,H' line fluxes
similar to what was previously found in the literature.
Disks around Herbig stars lie on the same C'®O-
continuum flux correlation, but have 1-2 orders of
magnitude lower N,H" fluxes compared to T Tauri disks
with similar continuum fluxes. This is likely due to the
higher overall temperature and lower CO freeze-out in
these disks, resulting in less CO-poor gas and therefore
lower overall N,H' abundances.

2. We find overall high gas masses between ~0.01 and
0.1 M., and gas-to-dust mass ratios in the range ~80-530
for our sources. However, these high gas-to-dust ratios
are likely upper limits due to the continuum emission
used to derive dust masses being optically thick.

3. There is good agreement between the line emission-based
gas masses from this work and the ones measured from
gas kinematics in the literature. With two exceptions,
RXJ 1842.9-3532 and RXJ 1615.3-3255, the gas
estimates from the two methods lie within a factor of
~3 (10-20) of each other.

4. Gas disk masses from CO + N,H' are on average a
factor of 2.37%] x lower than the kinematically measured
gas masses. Assuming the kinematics trace the true disk
mass, this could point toward slightly lower N,
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abundances and/or lower midplane ionization rates than
typically assumed.

5. Herbig disks are found to have ISM-level CO gas
abundances based on their CO and N,H" fluxes, which
sets them apart from T Tauri disks, where the CO
abundance in the CO-emitting layer is typically ~3-30x
lower.

The agreement between the gas masses measured from gas
kinematics and CO + N,H"' is promising as the former
provides a direct estimate of the mass that does not depend on
disk chemistry, whereas the latter is much more broadly
applicable. It shows that multimolecule line fluxes are a robust
tool to accurately measure disk masses at least for extended
disks.
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Appendix
Observational Details

This appendix contains Table Al, which provides informa-
tion about the ALMA observations presented in this work. It
also contains Table A2, which provides the integrated
continuum and line fluxes used in this work.

3 http: //www.astropy.org
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Table Al

ALMA Observation Details

Trapman et al.

ALMA Band 7—N,H*

Name Date Antennas Baselines Time on Source Bandpass Calibrator Phase Calibrator Flux Calibrator
(m) (minutes)
RXJ 1615.3-3255 2 Apr 2024 42 15-251 8 J1924-2914 J1626-2951 J1924-2914
1 Jul 2024 41 15-1261 22 J1427-4206 J1427-4206 J1626-2951
1 Jul 2024 36 15-649 23 J1427-4206 J1610-3958 J1427-4206
RXJ 1852.3-3700 1 Apr 2024 41 15-280 8 J1924-2914 J1839-3453 J1924-2914
28 May 2024 42 15-984 23 J1924-2914 J1802-3940 J1924-2914
RXJ 1842.9-3532 1 Apr 2024 41 15-280 8 J1924-2914 J1839-3453 J1924-2914
28 May 2024 42 15-984 23 J1924-2914 J1802-3940 J1924-2914
AA Tau 27 Jul 2024 46 14-499 9 J0423-0120 J0438+3004 J0423-0120
8 Sep 2024 43 15-1604 25 J0423-0120 J0438+3004 J0423-0120
PDS 66 21 Mar 2024 45 15-313 9 J1427-4206 J1147-6753 J1427-4206
29 May 2024 41 15-984 25 J1427-4206 J1147-6753 J1427-4206
HD 143006 12 Apr 2024 44 15-314 8 J1924-2914 J1625-2527 J1924-2914
4 Jun 2024 40 15-1397 22 J1924-2914 J1551-1755 J1924-2914
HD 135344B 12 Apr 2024 44 15-313 8 J1924-2914 J1457-3539 J1924-2914
28 May 2024 41 15-984 23 J1256-0547 J1457-3539 J1256-0547
CQ Tau 31 Jul 2024 45 14-483 9 J0423-0120 J0521+1638 J0423-0120
22 Sep 2024 43 15-1397 25 J0423-0120 J0521+1638 J0423-0120
HD 34282 1 Aug 2024 46 14-313 23 J0423-0120 J0501-0159 J0423-0120
1 Nov 2024 46 14-313 8 J0423-0120 J0501-0159 J0423-0120
MWC 758 31 Jul 2024 45 14-483 9 J0423-0120 J0521+1638 J0423-0120
22 Sep 2024 43 15-1397 25 J0423-0120 J0521+1638 J0423-0120
Elias 2-27 6 Oct 2022 10 8-48 19 J1427-4206 J1625-2527 J1427-4206
7 Oct 2022 10 8-48 34 J1427-4206 J1625-2527 J1427-4206
9 Oct 2022 10 8-48 34 J1427-4206 J1625-2527 J1427-4206
9 Jan 2023 40 15-740 28 J1427-4206 J1700-2610 J1427-4206
ALMA Band 6—C'*0
RXJ 1842.9-3532 21 Dec 2023 46 15-1397 32 J1924-2914 J1826-3650 J1924-2914
25 Mar 2024 48 15-314 9 J1924-2914 J1826-3650 J1924-291
Table A2
ALMA Observations and Integrated Fluxes
Source Disk-integrated Fluxes (mJy km s™") Program IDs References
285 GHz cont. 3Co (2-1) Cc'®0 (2-1) N.H* (3-2)
DM Tau 9.1 £ 14 53417 + 343 1275.6 + 21.8 1437.6 + 39.2 2016.1.00724.S, 2015.1.00678.S 3,2,2,3)
V4046 Sgr 576.0 + 12.0 8275.7 £ 443 1936.0 + 38.5 3736.1 £ 31.6 2016.1.00724.S, 2015.1.00678.S (3,2,2,3)
RXJ 1852.3-3700 93.0 £ 0.6 1587.5 + 37.7 5044 + 22.1 541.0 £ 17.1 2018.1.00689.S, 2023.1.00334.S (1, 1,1, 1)
RXJ 1842.9* 87.6 £ 0.5 238 + 4 3594 £ 79 2023.1.00334.S, 2021.1.01123.L (1,4, 1, 1)
LkCa 15 281.0 £ 69 6074.2 + 16.1 1198.1 + 156 1869.0 £+ 33.5 2018.1.00945.S, 2015.1.00678.S 3,5,5,3)
PDS 66 1622 + 8.0 790.0 + 50.0 210.0 + 20.0 1000.7 + 14.5 2017.1.01419.S, 2023.1.00334.S 1,7,7, 1)
CQ Tau 2075 £ 1.9 1120.0 + 40.0 600.0 + 20.0 199 + 5.88 2017.1.01404.S, 2023.1.00334.S (1,8,8, 1)
HD 34282 2052 + 6.9 3460.0 + 50.0 1890.0 + 40.0 2882 + 9.2 2017.1.01404.S, 2023.1.00334.S (1,8,8, 1)
MWC 758 101.3 £ 04 1870.0 + 70.0 780.0 + 40.0 71.8 + 6.3 2017.1.00940.S, 2023.1.00334.S (1,8,8, 1)
GM Aur 2864 £+ 2.6 5028.0 + 48.0 1092.0 + 39.0 1484.0 + 14.6 2018.1.01055.L, 2015.1.00678.S 3,9,9,3)
AS 209 289.0 £ 45 2269.0 + 38.0 538.0 + 27.0 884.5 + 143 2018.1.01055.L, 2015.1.00678.S 3,9,9,3)
IM Lup 2437 £ 6.2 8370.0 + 83.0 1592.0 + 60.0 2040.0 + 49.0 2018.1.01055.L, 2015.1.00678.S 3,9,9,3)
MWC 480 490.0 + 49.0 8361.0 £ 57.0 3017.0 + 41.0 228.0 + 13.0 2018.1.01055.L, 2015.1.00657.S 3,9,9, 10)
HD 163296 791.6 £ 1.6 15885.0 + 80.0 5783.0 + 51.0 556.1 £+ 49.1 2018.1.01055.L, 2012.1.00681.S (3,9,9,11)
285 GHz cont. 13Co (3-2) C'®0 (3-2) N.H* (3-2)
RXJ 1615.3-3255 2459 +£ 04 11504.0 £ 41.8 3226.8 + 48.2 563.6 £ 6.2 2012.1.00870.S, 2023.1.00334.S (1, 1,1, 1)
RXJ 1842.9-3532" 2831.2 + 103 - 2023.1.00334.S, 2021.1.01123.L (1,4, 1, 1)
AA Tau 1120 £ 0.5 5102.0 + 42.0 1217.5 + 534 686.6 £ 10.8 2015.1.01017.S, 2023.1.00334.S 1,7,7, 1)
HD 143006 1020 + 04 1668.0 + 7.6 4833 + 10.1 3309 + 88 2019.1.01683.S, 2023.1.00334.S (1,1, 1, 1)
HD 135344B 302.8 £ 0.6 7482.5 + 39.1 31154 + 46.1 403 £+ 5.8 2012.1.00158.S, 2023.1.00334.S (1,12, 12, 1)
Elias 2-27 467.6 + 0.5 22260.0 £+ 90.0 4450.0 + 60.0 447 + 6.5 2016.1.00724.S, 2022.1.00485.S (1,13, 13, 1)
Notes.

# For RXJ 1842.9 the two CO isotopologue lines are 13CO (3-2) from M. Galloway-Sprietsma et al. (2025) and C'80 (2-1) from this work. Flux uncertainties do not
include absolute flux uncertainties. References are given for each individual line.
References. 1: This work, 2: K. Flaherty et al. (2020), 3: C. Qi et al. (2019), 4: M. Galloway-Sprietsma et al. (2025), 5: J. A. Sturm et al. (2023), 6: R. A. Loomis et al.
(2017), 7: A. Ribas et al. (2023), 8: L. M. Stapper et al. (2024), 9: K. I. Oberg et al. (2021), 10: R. A. Loomis et al. (2020), 11: C. Qi et al. (2015), 12: N. van der Marel
et al. (2016), 13: T. Paneque-Carrefio et al. (2023).
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