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Abstract

Measuring the gas mass of protoplanetary disks, the reservoir available for giant planet formation, has proven to be
difficult. We currently lack a far-infrared observatory capable of observing HD, and the most common gas mass
tracer, CO, suffers from a poorly constrained CO-to-H2 ratio. Expanding on previous work, we investigate if
N2H

+, a chemical tracer of CO-poor gas, can be used to observationally measure the CO-to-H2 ratio and correct
CO-based gas masses. Using disk structures obtained from the literature, we set up thermochemical models for
three disks, TW Hya, DM Tau and GM Aur, to examine how well the CO-to-H2 ratio and gas mass can be
measured from N2H

+ and C18O line fluxes. Furthermore, we compare these gas masses to gas masses
independently measured from archival HD observations. The N2H

+(3− 2)/C18O(2− 1) line ratio scales with the
disk CO-to-H2 ratio. Using these two lines, we measure 4.6× 10−3Me�Mdisk� 1.1× 10−1Me for TW Hya,
1.5× 10−2Me�Mdisk� 9.6× 10−2Me for GM Aur and 3.1× 10−2Me�Mdisk� 9.6× 10−2Me for DM Tau.
These gas masses agree with values obtained from HD within their respective uncertainties. The uncertainty on the
N2H

++ C18O gas mass can be reduced by observationally constraining the cosmic-ray ionization rate in disks.
These results demonstrate the potential of using the combination of N2H

+ and C18O to measure gas masses of
protoplanetary disks.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Astrochemistry (75); Radiative
transfer (1335)

1. Introduction

The gas mass of protoplanetary disks is a crucial ingredient
for planet formation theories (e.g., Mordasini 2018). On a
macroscale, the gas mass represents the total mass budget
available for forming gas giants. Combined with the stellar
accretion rate and mass loss rate, it determines the lifetime of
the disk and therefore sets the timescale for giant planet
formation. On a microscale, the gas density and gas-to-dust
ratio regulate the dynamics of dust grains and larger bodies in
the disk. The rates at which the dust grows, settles toward the
midplane, and drifts inward toward the central star all depend
on how much gas is present in the disk (see, e.g., Birnstiel et al.
2012).
Measuring the gas mass of disks from observations has

proven difficult. The gas is predominantly made up of
molecular hydrogen (H2), a light, symmetric molecule without
a permanent dipole moment that does not significantly emit at
temperatures typically found in protoplanetary disks. Hydrogen
deuteride (HD) has been shown to be a promising indirect
tracer of the gas mass. HD is chemically similar to H2 and thus
closely follows the distribution of H2 (see Trapman et al. 2017).
Contrary to H2, HD has a small dipole moment and can emit
from a significant part of the disk. Using Hershel, the HD
J= 1− 0 line has been detected in three protoplanetary disks:
TW Hya, GM Aur, and DM Tau (Bergin et al. 2013; McClure
et al. 2016), allowing us to accurately measure their gas

masses. HD 1− 0 upper limits have also been used to put
constraints on the gas masses of Herbig disks (Kama et al.
2020). With the end of the Herschel mission, we currently lack
a far-infrared observatory capable of observing HD in disks.
Instead, the most often used gas mass tracer is carbon

monoxide (CO), the second most abundant molecule in the gas
of protoplanetary disks. CO emission is bright at millimeter
wavelengths and has been detected in almost all protoplanetary
disks. The emission of its main isotopologue, 12CO, is optically
thick in disks, but its less abundant isotopologues, e.g., 13CO
and C18O, are most often optically thin. Emission from rarer
isotopologues like 13C18O or 13C17O is even more optically
thin, but these weak lines are less suitable for large gas mass
surveys (see, e.g., Zhang et al. 2017; Booth et al. 2019). The
main uncertainty when using CO as gas mass tracer is the
CO-to-H2 abundance ratio (xCO). CO is a chemically stable
molecule that in the warm gas of protoplanetary disks is
expected to have a relatively constant abundance of
xCO≈ 10−4. Two main processes reduce xCO in the disk. In
the irradiated surface layer of the disk far-ultraviolet photons
will photodissociate CO until it can build up a sufficient
column to shield itself against this process. Close to the cold
midplane of the disk, CO freezes out onto the surface of dust
grains. Both of these processes have been extensively studied
and are well understood (see, e.g., van Dishoeck & Black 1988;
van Zadelhoff et al. 2001; Visser et al. 2009; Miotello et al.
2014). By incorporating them in physical–chemical disk
models, these processes can be accounted for, allowing us to
measure disk masses from 13CO and C18O line fluxes (e.g.,
Williams & Best 2014; Miotello et al. 2016).
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However, there is increasing observational evidence that we
are overlooking one or more processes that reduce xCO in
protoplanetary disks. When compared to gas masses derived
independently from HD, the CO-based gas masses are found to
be 5–100× lower, even after including the effects of photo-
dissociation and freeze-out (see, e.g., Favre et al. 2013; Kama
et al. 2016; McClure et al. 2016; Schwarz et al. 2016; Trapman
et al. 2017; Calahan et al. 2021). This could imply that the low
CO-based gas masses found in disk surveys carried out with the
Atacama Large Millimiter/submillimeter Array (ALMA) are
severely underestimating the gas masses of protoplanetary
disks (see, e.g., Ansdell et al. 2016; Long et al. 2017; Miotello
et al. 2017). Several processes have been suggested to cause
this low xCO, such as the chemical conversion of CO into more
complex species (e.g., Aikawa et al. 1997; Furuya &
Aikawa 2014; Yu et al. 2016, 2017; Bosman et al. 2018;
Schwarz et al. 2018). Alternatively, grain growth can lock up
CO into larger dust bodies that settle toward the midplane (e.g.,
Bergin et al. 2010, 2016; Kama et al. 2016; Krijt et al.
2018, 2020). Irrespective of what causes the low CO
abundance, we need to measure xCO in order to reliably
measure disk gas masses using CO.

In this Letter we examine N2H
+, a chemical tracer of CO-

poor gas, as a potential calibrator of the CO abundance in
protoplanetary disks. N2H

+ is formed through proton transfer
from +H3 to N2. If CO is present in the gas phase it competes
with N2 for the available +H3 , thus impeding the formation of
N2H

+. In addition, N2H
+ is rapidly destroyed by gas-phase

CO. As a result, N2H
+ is therefore only abundant if there is a

lack of gas-phase CO. These properties have seen N2H
+ be

successfully used to locate the CO iceline (e.g., Qi et al. 2013;
Huang & Öberg 2015; Qi et al. 2015; van’t Hoff et al. 2017; Qi
et al. 2019).

For the disk as a whole, this chemical relation between
N2H

+ and CO means higher N2H
+ abundances, and hence

higher fluxes, when CO is underabundant (see Figure 1). The

anti-correlation between the N2H
+
flux and the CO abundance

was previously studied in Anderson et al. 2019, who showed
that a CO abundance xCO� 10−6 is required to explain the
N2H

+ and CO line fluxes of two disks in Upper Sco. Here we
expand upon their work and examine if N2H

+ can be used to
observationally measure the global CO abundance in proto-
planetary disks and therefore, the gas mass. To test this
hypothesis we select the three disks with HD J= 1− 0
detections, TW Hya, DM Tau, and GM Aur, for which we
have independent measurements of the disk gas mass and
global CO abundance.
The structure of this Letter is as follows: in Section 2 we set

up thermochemical disk models based on disk structures
obtained from the literature and use the C18O J= 2− 1
integrated flux to select the combinations of CO abundance and
disk gas mass that reproduce the C18O observations. Combin-
ing a simple N2H

+ chemical network with our thermochemical
models to calculate N2H

+ abundances and excitation, we show
in Section 3 that the N2H

+ J= 3− 2 integrated line flux,
combined with the C18O 2− 1 flux, constrains the average CO
abundance in the disk. For a reasonable range of cosmic-ray
ionization rates we show that correcting the CO-based gas mass
using xCO derived from N2H

+ and C18O agrees with the gas
disk mass measured from HD. In Section 4 we examine the
cosmic-ray ionization rates in our three disks and we discuss
some of the caveats of this study. We summarize our findings
in Section 5.

2. Model Setup

For running our models we use the thermochemical code
Dust and Lines (DALI; Bruderer et al. 2012; Bruderer 2013).
For a physical 2D disk structure and stellar spectrum, DALI
calculates the thermal and chemical structure of the disk self-
consistently. The computation is split into three steps. First, the
radiative transfer equation is solved using a 2D Monte Carlo
method to calculate the dust temperature structure and the
internal radiation field. Next, the abundances of molecular and
atomic species are calculated at each point in the disk by
solving the time-dependent chemistry. We include CO and HD
isotope-selective photodissociation and chemistry following
Miotello et al. (2014) and Trapman et al. (2017). The excitation
levels of all species are computed using a non-LTE calculation.
From the excitation levels the gas temperature is calculated by
balancing heating and cooling processes. As both the chemistry
and excitation depend on the gas temperature, an iterative
calculation is used to find a self-consistent solution. Finally, the
model is ray-traced to produce integrated line fluxes and line
profiles. For a more detailed description of the code, see
Appendix A of Bruderer et al. (2012).
For the three disks with HD J= 1− 0 detections, we obtain

disk structures from the literature (TW Hya: Kama et al. 2016;
DM Tau: Zhang et al. 2019; GM Aur: Zhang et al. 2021). For
each of these models, the disk structure was fitted using a
combination of the spectral energy density (SED) and resolved
millimeter continuum and line emission. With these fiducial
models our approach is as follows: we set up and run a set of
models with different combinations of Mgas and xCO. From this
set of models we find the subset that reproduces the integrated
C18OJ= 2− 1 flux. Specifically we select those models that
satisfy s- F F 3C O

model
C O
obs

C O
obs

18 18 18 . Our models show that the
C18OJ= 2− 1 flux is mostly optically thin, only becoming
optically thick in the inner disk (R< 0.5− 1× Rc). Note that

Figure 1. Concept of how N2H
+ and C18O enable us to distinguish between

disks with low disk masses and low CO abundance. Starting from the fiducial
model (diamond) on the right, points show the change in N2H

+ 3 − 2 and
C18O 2 − 1 line flux when either the disk mass (circles) or CO abundance
(squares) is decreased, with decrements of factors of 10. Relevant disk
parameters of the fiducial model are shown in the bottom left.
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this inner disk area encompasses 40%–60% of the total gas
mass in each disk. These models represent the combinations of
gas disk mass and CO abundance that could explain the C18O
observations. Models where xCO< 10−4 represent scenarios
where some amount of the gas-phase CO is either chemically
converted or locked up as ice on large dust grains. By lowering
the CO abundance in this way we remain agnostic on how the
CO is removed from the gas and focus on the end result, an
underabundance of gaseous CO in disks. The model selection
is visualized in Figure 2.

For the models that reproduce the observed C18O flux, we
calculate the N2H

+ chemistry using the chemical network
presented in van’t Hoff et al. (2017). Briefly, this network
includes the production of +H3 through cosmic-ray-induced
ionization of H2, freeze-out and desorption of CO and N2,
formation of N2H

+ and HCO+ through reactions of +H3 with N2

and CO, respectively, and the destruction of N2H
+ through

reacting with CO (see their Figure 2). Using this simple
network instead of the larger network in DALI has the
advantage of being easier to understand what factors could
affect the N2H

+ abundance and fluxes (see also Section 4.1).
Our approach is the following: we take the gas temperature

structure and CO and N2 abundance calculated with DALI and
use these to compute the N2H

+ abundance structure using the
chemical N2H

+ network. The main free parameter in this
network is the cosmic-ray ionization rate ζCR. We note that ζCR
is the only source of ionization in our network. While cosmic
rays are likely the dominant ionization source in the region of
the disk where N2H

+ is abundant (e.g., Aikawa et al.
2015, 2021), the values of ζCR in this work should be read as
upper limits, as other ionization processes such as X-rays and
the decay of radionuclids could still contribute (see e.g., Seifert
et al. 2021). We compute the N2H

+ abundance structure for
ζCR= 10−19, 10−18 and 10−17 s−1. The N2H

+ abundance
structure is then re-inserted into the DALI model to calculate
the excitation and synthetic line emission.

3. Results

Figure 3 shows the N2H
+ (3− 2)/C18O (2− 1) integrated

flux ratio versus the CO abundance for the three disks. Note
that each of the models reproduces the C18O integrated flux
within 3σ. The flux ratio clearly increases as the CO abundance
decreases. This trend is similar to the one found by Anderson
et al. (2019) (see their Figures 5 and 9). For GM Aur the trend
flattens at the highest disk masses where both lines start to
become optically thick. The figure also shows that lowering
ζCR reduces the flux ratio. A lower ζCR equals less ionization
and therefore less N2H

+ and a lower N2H
+ 3− 2 flux. The

C18O flux is not affected, but we should note that our chemical
network does not include the chemical conversion of CO into
more complex species, where ζCR plays a large role (see
Bosman et al. 2018; Schwarz et al. 2018, 2019). By comparing
our models to the observations shown in gray, we can derive
the global CO abundance of the disk.
Both TW Hya and GM Aur require a CO abundance �10−4

to match the N2H
+/C18O line ratio. Specifically, TW Hya

requires xCO� 1.3× 10−5 and GM Aur requires
xCO� 6.5× 10−5. For DM Tau the CO abundance does not
have to be lowered to match the line ratio. Rather the models
show that a lower cosmic ionization rate∼ 5× 10−18 s−1 is
needed to reproduce the line ratio with a CO abundance of
10−4. The lower bound on the CO abundance depends on the
cosmic ionization rate. If we assume a lower bound of
ζCR= 10−19 s−1 in disks (see, e.g., Cleeves et al. 2015), we can
constrain the CO abundances to
3.5× 10−7� xCO� 1.3× 10−5 for TW Hya,
1.1× 10−5� xCO� 6.5× 10−5 for GM Aur and
2.3× 10−5� xCO� 1.3× 10−4 for DM Tau. As shown here,
a two-order-of-magnitude uncertainty in ζCR results in a factor
of 5–37 uncertainty in the CO abundance and thus the gas disk
mass. Constraining the cosmic-ray ionization rate in disks
using observations of, for example, H13CO+ and N2D

+ will

Figure 2. Comparison between the observed C18O J = 2 − 1 integrated line
flux and our models with different combinations of disk gas mass and CO
abundance. Colors show how close the model C18O line flux is to the
observations, expressed in terms of the uncertainty on the C18O line flux.
(σobs). Dashed black lines highlight the part of the Mgas-xCO parameters space
where model C18O fluxes are within 3σobs. Darker shades of blue (red) marks
parameter space where the model underproduces (overproduces) the
observed flux.
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reduce the uncertainty on the gas disk mass (see, e.g., Cleeves
et al. 2015; Aikawa et al. 2021).

Using these CO abundances we can now correct the CO-
based gas mass for the underabundance of CO and obtain the
true gas disk mass. This yields
4.6× 10−3Me�Mdisk� 1.1× 10−1Me for TW Hya,
1.5× 10−2Me�Mdisk� 9.6× 10−2Me for GM Aur and

3.1× 10−2Me�Mdisk� 9.6× 10−2Me for DM Tau. By
including N2H

+ we have increased the accuracy of the
measured gas disk mass by a factor 5–10 compared to CO-
based gas masses, by correcting for the fact that CO is
underabundant in the gas by a factor of 5–10 in our disks. As
mentioned above, the precision of the gas mass measurement
can be improved by constraining the cosmic-ray ionization rate.
Thus, combining N2H

+ and C18O allows us to break the
degeneracy between gas disk mass and CO abundance shown
in Figure 2 and gives us a recipe for measuring gas disk
masses.
It is interesting to compare our new gas disk masses to those

measured independently from HD 1− 0 integrated line fluxes.
To be consistent with the disk structures assumed in the rest of
this work, we opt to use our models to measure Mgas

HD rather
than using literature values (see Table 1). Figure 5 in Appendix
shows how Mgas

HD is derived from the HD 1− 0 integrated flux.
Uncertainties on the masses are derived by propagating the 3σ
uncertainties of the line flux. The HD-based based disk masses
for TW Hya and GM Aur are consistent with literature values
(see Table 1). Only for DM Tau do we find a substantially
higher disk mass than previously found, due to our model being
more extended, and thus having lower average gas temperature,
than the model in McClure et al. (2016). As HD predominantly
emits from warm gas, it should be noted that the accuracy of
HD as a gas mass tracer depends on how well the temperature
structure of the disk is known (see, e.g., Trapman et al. 2017;
Calahan et al. 2021). If the disks are significantly warmer than
our models we would overestimate their gas mass. This is
unlikely to be a large effect however as the disk structures used
here reproduce several optically thick CO lines which trace the
gas temperature.
The disk mass obtained for DM Tau warrants some further

discussion. Based on the HD 1− 0 flux and uncertainty, we
find a maximum disk mass of Mgas= 0.55Me, which would
make the disk approximately as massive as the star. Such a
high disk mass is unphysical, as disk would become
gravitationally unstable before it could reach this disk mass.
To find a more physical maximum disk mass, we calculate the
Toomre Q parameter Toomre (1964) using the surface density
and midplane temperature profiles from our models. For a gas
disk mass Mgas≈ 0.2Me we find Q 1.7, which is the
approximate threshold where instabilities can start to develop
in numerical simulations of disks (e.g., Helled et al. 2014). For
the rest of this work we will use Mgas= 0.2Me as a more
realistic maximum disk mass for DM Tau.
Figure 4 compares the gas mass obtained from combining

N2H
+ and C18O to the gas mass measured from HD 1− 0 (see

Figure 5). Lining up the two mass ranges of each of the three
sources, we find good agreement. For DM Tau and GM Aur the
N2H

+ + C18O gas masses are overall slightly lower compared
to the HD gas mass. The lower end of the N2H

+ + C18O gas
mass range corresponds to the highest assumed ζCR, suggesting
that these disks have a lower cosmic-ray ionization rate (see
Section 4.1 for a further discussion on this topic). The
uncertainty on the N2H

+ + C18O gas mass for DM Tau and
GM Aur is similar to the uncertainty of the HD-based gas mass
measured from their low signal-to-noise HD 1− 0 detections.
For TW Hya, where HD was detected with comparatively high
signal-to-noise, the resulting Mgas

HD range is more narrow and
matches the gas mass derived from N2H

+ and C18O if a high
cosmic-ray ionization rate is used.

Figure 3. N2H
+(3 − 2)/C18O(2 − 1) flux ratio vs. the CO abundance. Points

denote individual models, where the shape shows the assumed cosmic-ray
ionization rate (ζCR). The colors show the gas mass of the disk. The observed
N2H

+(3 − 2)/C18O(2 − 1) ratio is shown as a black dashed line, with the gray
shaded region showing the 3σ uncertainty. For reference we included the
lowest and highest disk mass that reproduce these observations, assuming
10−19 s−1 � ζCR � 10−17 s−1. The smaller panels under each main panel show
the CO abundance ranges that reproduce the observations. Here the orange bar
corresponds to N2H

+(3 − 2) and C18O(2 − 1), with
10−19 s−1 � ζCR � 10−17 s−1. The black bar instead shows the CO abundance
constrained by HD 1 − 0 and C18O(2 − 1).
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While based on only a small sample of disks, Figure 4 shows
that combination of N2H

+ and C18O integrated line fluxes is a
promising new recipe for measuring gas masses of proto-
planetary disks

4. Discussion

4.1. Constraining the Cosmic-ray Ionization Rate

As previously discussed, the gas disk mass derived from
N2H

+ and C18O depends on the assumed ζCR. In our
comparison between different gas disk mass estimates we have
taken the dependence on ζCR as an addition uncertainty on the
CO abundance estimated from N2H

+. However, we can also
examine the overlap between the gas disk mass from HD and
one from N2H

+ and C18O to put constraints on ζCR. Taking the
gas disk mass derived from the HD observations, we determine
the range of ζCR for which our models are able to reproduce the
N2H

+ 3− 2 integrated flux.
We find a clear dichotomy in cosmic-ray ionization rates.

One disk, TW Hya, is most consistent with a relatively high
cosmic-ray ionization rate, 5× 10−18� ζCR� 1× 10−17 s−1,
while the other two disks are more consistent with low rates,
ζCR� 1× 10−18 s−1 for DM Tau and ζCR� 5× 10−19 s−1 for
GM Aur, respectively. The low ζCR for DM Tau and GM Aur
are consistent with earlier findings (see, e.g., Cleeves et al.
2015). In particular, Aikawa et al. (2021) found a low cosmic-
ray ionization (� 10−18 s−1) for GM Aur based on deep
observations of N2H

+ and N2D
+. Finding a high ζCR for TW

Hya is more puzzling. In an earlier study, Cleeves et al. (2015)
modeled N2H

+, HCO+ and H13CO+, in combination with CO
isotopologues and HD, observations of TW Hya, finding that
the observations are best reproduced by a moderately hard
X-ray spectrum and a low cosmic-ray ionization rate
(ζCR� 10−19s−1). In their models, a high ζCR such as the one
found in this work results in a peak of the N2H

+ 4-3 emission
at ∼130 au, much further out than the observed location at
∼45 au (see Qi et al. 2013). Interestingly, the peak of N2H

+ 4-3
radial intensity profile in our TW Hya model with
ζCR= 10−17 s−1 lies further inward and matches the observed
peak location (see van’t Hoff et al. 2017).

There are three key differences between the models in
Cleeves et al. (2015) and the models presented in this work.
The first is the assumed surface density structure. Our TW Hya
models have a characteristic radius of Rc= 35 au, whereas the
models in Cleeves et al. (2015) use Rc= 150 au and truncate

the disk at 200 au. However, Cleeves et al. (2015) showed that
this difference in surface density has minimal impact on the
N2H

+ column densities (see their Appendix C). A similar test
where we change the surface density in our models confirms
that this cannot explain the difference in N2H

+ 4-3 intensity
profiles. The second is the chemical network. In this work we
use a simplified N2H

+ chemical network that only includes its
dominant formation and destruction pathways. This suggests
that there are one or more reactions in network used in Cleeves
et al. (2015) that significantly affect the N2H

+ chemistry that
are not included in our network. One such reaction could be the
non-thermal desorption of N2 and CO. However, van’t Hoff
et al. (2017) showed that an increased desorption rate has a
negligible effect on the N2H

+ 4-3 emission profile (see their
Appendix D). Finally, we only include ionization through
cosmic rays, which is the dominant source for ionization close
to the disk midplane. Cleeves et al. (2015) also include X-ray
ionization, which could affect N2H

+ abundance higher up in
the disk. Reconciling the two models requires a full comparison
between the two approaches, which is beyond the scope of this
paper. We do note that the Cleeves et al. (2015) model with
ζCR≈ 10−18 s−1 combined with a softer X-ray spectrum also
reproduces the observed N2H

+ 4-3 emission, which is more
similar to the value found in this work.

4.2. Caveats

Here we briefly discuss some of the caveats and uncertainties
that could effect our results. A detailed investigation of these
caveats is beyond the scope of this Letter and will be reserved
for a forthcoming paper.
The gas and dust density structures used in this work fit the

observations, but they are not unique in doing so (see, e.g.,
Calahan et al. 2021). The assumed disk structure could thus
affect our results. However, our comparison with the gas
density structure of the Cleeves et al. (2015) model discussed in
Section 4.1 suggests that the effect on the N2H

+
flux is small,

�50%. Note that our disk structure also does not include the
gaps and rings that have been found in the continuum emission,
except for the inner cavity. Increased X-ray ionization in such a
gap could increase the N2H

+ abundance, but the higher CO
abundance due to the increased temperature could decrease the
N2H

+ again, making it unclear what the net effect on the N2H
+

abundance will be (e.g., Alarcón et al. 2020; Kim &
Turner 2020).

Table 1
Source Information

Source Må Lå Teff LUV LX dist Mgas (HD) Mgas (CO) N2H
+ 3 − 2 C18O 2 − 1 HD 1 − 0

(Me) (Le) (K) (erg s−1) (erg s−1) (pc) (Me) (Me) (Jy km s−1) (Jy km s−1) (W m−2)
×1030 ×1030 ×10−2 ×10−2 ×10−18

TW Hya 0.8 0.28 4110 27 1.6 59 0.77–2.5 0.05–0.5 2.0 ± 0.21 0.57 ± 0.06 6.3 ± 0.7
DM Tau 0.53 0.24 3705 3.0 0.3 145 1–4.7 0.1–1 1.286 ± 0.17 1.11 ± 0.11 1.6 ± 0.4
GM Aur 1.1 1.2 4350 28 1.4 159 20 0.8 1.487 ± 0.18 1.024 ± 0.097 2.5 ± 0.5

Refs (1, 2, 3) (4, 5, 6) (7, 6) (3) (8, 9, 10, 11) (12, 13, 14, 15) (16, 17) (9, 18, 19) (20, 10)

Notes. For details on the adopted disk structures, see Kama et al. (2016) for TW Hya, Zhang et al. (2019) for DM Tau, and Zhang et al. (2021) for GM Aur. ALMA
line fluxes include a 10% systematic flux uncertainty.
References. (1) Andrews et al. (2011), (2) Kenyon & Hartmann (1987), (3) Gaia Collaboration et al. (2018), (4) Cleeves et al. (2015), (5) Dionatos et al. (2019) (6)
Brickhouse et al. (2010), (7) Henning et al. (2010) (8) Trapman et al. (2017), (9) Calahan et al. (2021), (10)McClure et al. (2016), (11) Schwarz et al. (2021), (12) Thi
et al. (2010), (13) Miotello et al. (2016), (14) Zhang et al. (2019), (15) Zhang et al. (2021), (16) C. Qi et al. 2022, in preparation, (17) Qi et al. (2019), (18) Bergner
et al. (2019), (19) Oberg et al. (2021), (20) Bergin et al. (2013).
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We have also assumed that N2 is the dominant nitrogen
carrier in the gas and have not varied its abundance in our
analysis. While this is likely a good assumption, it has not been
conclusively shown observationally (e.g., Salinas et al. 2016;
Cleeves et al. 2018). If N2 is not the dominant nitrogen carrier
both the N2H

+ abundance and flux would be lower. To still
reproduce the observed N2H

+ 3− 2 flux either our derived CO
abundances would need to be lower, implying a larger disk
mass, or cosmic-ray ionization rates would need to be higher.
Tests show that lowering N2 abundance by a factor of ten,
equivalent to assuming that 10% of the volatile nitrogen is in
N2, decreases the N2H

+
flux by a similar amount as reducing

ζCR by two orders of magnitude. The assumed binding energies
of N2 and CO could also affect the N2H

+ abundance, but van’t
Hoff et al. (2017) showed that their effect on the N2H

+
flux is

minimal.

5. Conclusions

The gas mass of protoplanetary disks remains an important
yet elusive quantity. In this work we present a novel recipe for
measuring the gas mass, where we use N2H

+ to observationally
measure the global CO abundance in disks, the crucial
parameter for deriving gas masses from C18O observations.
We test this method for the three disks, TW Hya, DM Tau, and
GM Aur, where we compare the resulting gas mass to the
independently measured gas masses obtained from fitting the
HD 1− 0 flux. We summarize our findings below:

1. The N2H
+(J= 3− 2)/C18O(J= 2− 1) line ratio from

our models scales with the CO-to-H2 ratio, confirming
earlier findings by Anderson et al. (2019). This shows
that the combination of these two lines can be used to
observationally constrain the CO-to-H2 ratio in disks, and
hence their gas mass.

2. Using the combination of N2H
+ and C18O, we measure

4.6× 10−3Me�Mdisk� 1.1× 10−1Me for TW Hya,
1.5× 10−2Me�Mdisk� 9.6× 10−2Me for GM Aur
and 3.1× 10−2Me�Mdisk� 9.6× 10−2Me for DM
Tau, respectively. Including N2H

+ increases the accuracy

of the measured gas mass by a factor of 5–10, by
correcting for the underabundance of gaseous CO. These
gas masses agree with the disk gas masses measured from
the HD 1− 0 line flux to within their respective
uncertainties for each of our three sources.

3. The cosmic-ray ionization rate ζCR is the main uncer-
tainty on how well the CO-to-H2 ratio, and thus the gas
mass can be measured, as a lower ζCR directly decreases
the N2H

+ 3− 2 flux. For 10−19 s−1� ζCR� 10−17 s−1,
the uncertainty in the gas mass is a factor of 5− 37.
Further observations of ionization tracers such as
H13CO+ and N2D

+ that constrain the cosmic-ray
ionization rate in disks can help reduce the uncertainty
in the measured gas disk mass.

The agreement between the disk gas mass measured from
N2H

+ and C18O and the independently measured gas mass
from HD shows that combining N2H

+ and C18O is a promising
new way of measuring the total gas reservoir of planet-forming
disks.

The authors thank the referee for constructive comments and
Ilse Cleeves for sharing the N2H

+ observations of TW Hya.
The authors also thank Ilse Cleeves, John Carpenter, Lucas
Cieza, Laura Perez, and Paola Pinilla for the useful discussions
that led to this work. L.T. and K.Z. acknowledge support from
the Office of the Vice Chancellor for Research and Graduate
Education at the University of Wisconsin-Madison with
funding from the Wisconsin Alumni Research Foundation.
M.L.R.H. acknowledges support from the Michigan Society of
Fellows. This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2016.1.00311.S. ALMA is a partnership
of ESO (representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada), MOST and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with
the Republic of Chile. The Joint ALMA Observatory is
operated by ESO, AUI/NRAO and NAOJ. All figures were
generated with the PYTHON-based package MATPLOTLIB

Figure 4. Comparison of the mass ranges obtained from HD 1 − 0 (gray shaded region) and the combination of N2H
+ and C18O (orange box). Note that for N2H

+ and
C18O we have assumed 10−19 s−1 � ζCR � 10−17 s−1. Points show individual models, with their color showing the CO abundance. For DM Tau, the transition from
dark to light gray shows where Mdisk = 0.2Me. For a higher disk mass there should be signs of gravitational instability in the disk, which have not been seen in
observations (see Section 3 for more details).
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(Hunter 2007). This research made use of NumPy (Harris et al.
2020) and Astropy,5 a community-developed core Python
package for Astronomy (Astropy Collaboration et al.
2013, 2018).

Appendix
Gas Mass Fits Based on HD J= 1− 0

In Figure 5 we show how gas masses were measured from
the HD 1− 0 integrated line flux.
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