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ABSTRACT

Recent measurements of carbon isotope ratios in both protoplanetary disks and exoplanet atmo-

spheres have suggested a possible transfer of significant carbon isotope fractionation from disks to

planets. For a clearer understanding of the isotopic link between disks and planets, it is important

to measure the carbon isotope ratios in various species. In this paper, we present a detection of the
13CN N = 2−1 hyperfine lines in the TW Hya disk with the Atacama Large Millimeter/submillimeter

Array. This is the first spatially-resolved detection of 13CN in disks, which enables us to measure the

spatially resolved 12CN/13CN ratio for the first time. We conducted non-local thermal equilibrium

modeling of the 13CN lines in conjunction with previously observed 12CN lines to derive the kinetic

temperature, H2 volume density, and column densities of 12CN and 13CN. The H2 volume density is

found to range between (4− 10)× 107 cm−3, suggesting that CN molecules mainly reside in the disk

upper layer. The 12CN/13CN ratio is measured to be 70+9
−6 at 30 < r < 80 au from the central star,

which is similar to the 12C/13C ratio in the interstellar medium. However, this value differs from the

previously reported values found for other carbon-bearing molecules (CO and HCN) in the TW Hya

disk. This could be self-consistently explained by different emission layer heights for different molecules

combined with preferential sequestration of 12C into the solid phase towards the disk midplane. This

study reveals the complexity of the carbon isotope fractionation operating in disks.

Keywords: Protoplanetary disks (1300); Astrochemistry (75)

1. INTRODUCTION

The physical and chemical structure of protoplan-

etary disks are now routinely well-studied using the

unique capabilities of the Atacama Large Millime-
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ter/submillimeter Array (ALMA). It is now clear that

the rings and gaps are ubiquitous in the mm dust

(e.g., the DSHARP project, Andrews et al. 2018; Huang

et al. 2018a) and molecular gas distributions (e.g., the

MAPS project, Öberg et al. 2021; Law et al. 2021a) of

large planet-forming disks. At least some of these sub-

structures are thought to be related to ongoing planet

formation in these disks. The next question that we
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should focus on is what kind of disk environment forms

what kind of planetary system? The link between disks

and exoplanetary systems as well as our solar system is

still not understood well. To link disks to the composi-

tion of planets, chemical information is vital.

For example, Öberg et al. (2011) proposed the carbon-

to-oxygen elemental ratio (C/O) as a tracer of the birth-

place of gas giant planets. Since the main carriers of

carbon and oxygen, CO and H2O, have different con-

densation temperatures, their snow lines are located at

different distances from the central star in a disk. As

a consequence, the gas-phase C/O ratio is expected to

dramatically change as a function of radius. Therefore,

it is predicted that planetary cores at different radii may

accrete the disk gas with different C/O.

Similarly, isotopologue ratios are powerful material

tracers in general. In this paper, we target the car-

bon isotope ratio, 12C/13C. Since carbon is the fourth

most abundant element in the universe, and, one of the

main ingredients of planetary bodies and ultimately or-

ganic molecules, it is essential to understand its behav-

ior including the isotope chemistry during planet forma-

tion processes. In the local interstellar medium (ISM),
12C/13C is measured to be ∼ 69 (Wilson 1999). De-

spite its importance, the measurement of 12C/13C is

quite sparse in both protoplanetary disks and plane-

tary bodies. In the solar system comets, it is known

that the 12C/13C ratio is almost constant at 91.0± 3.6,

however, the available heliocentric radii are limited

(Mumma & Charnley 2011). There are a few mea-

surements on exoplanetary atmospheres. For instance,

Zhang et al. (2021a) observed a hot Jupiter and found a

low 12CO/13CO ratio of ∼ 30. On the other hand, Line

et al. (2021) suggested that the 12CO/13CO ratio in a

brown dwarf is enhanced compared to the ISM value.

Among protoplanetary disks, few sources have been

as extensively studies as the TW Hya disk, which is the

nearest disk to Earth (D ∼ 60 pc; Gaia Collaboration

et al. 2016, 2021). Zhang et al. (2017) and Yoshida

et al. (2022) found a significantly low 12CO/13CO of

∼ 20− 40 at a similar radius from the central star. On

the other hand, Hily-Blant et al. (2019) showed that

the 12C/13C ratio in HCN is even higher than the ISM

value. To link the environment of disks and planets, we

need to better understand the origins of such differences

in measured carbon isotope ratios as well as map them

spatially across the disks both radially and vertically.

This requires more observational work.

In this paper, we report a measurement of the
12CN/13CN ratio using ALMA archival observations. In

the next section, we describe the details of the archival

observations. This is the first spatially-resolved detec-

tion of 13CN in a disk. We use a non-LTE analysis to

derive the 12CN/13CN ratio and show results in Section

3. We discuss the results in Section 4, and summarize

this paper in Section 5.

2. OBSERVATIONS

We analyzed ALMA archival observations of the 13CN

and 12CN lines in the TW Hya disk to derive the
12CN/13CN ratio. The following data reduction and

imaging was performed with Common Astronomy Soft-

ware Applications (CASA; McMullin et al. 2007) modu-

lar version 6.2.5 with the exception of the pipeline cali-

bration which was performed in the CASA version used

for the original publication. All images we used for anal-

ysis are convolved by an elliptical Gaussian to match the

final beam to a circular Gaussian with an FWHM of 0.′′5

using the CASA tasks imsmooth, which is the smallest

common resolution we can achieve. We summarize the

observation details in Table 1 and describe in the fol-

lowing.

2.1. 13CN

The ALMA archival data (ID: 2016.1.01375.S, PI: C.

Rab) consists of two execution blocks (EBs). The first

EB was observed on Nov.19, 2016 with 43 antennas,

while the second EB was observed on Nov.20, 2016 with

42 antennas. For both EBs, the integration time was

41 minutes, and the baseline range was 15-704 m. For

both EBs, the quasar J1037-2934 was used as the gain

calibrator while J1107-4449 was used as a flux calibrator.

As the bandpass calibrator, J1037-2934 and J1107-4449

were used for the first and second EBs, respectively. The
13CN N = 2 − 1 lines were observed in the spectral

window 1 of the baseband 1 with the spectral resolution

of ∼ 0.67 km s−1 . Table.2 shows a full listing of the

hyperfine lines that are covered in the archival data.

For data reduction, we first executed the pipeline

calibration by running scriptForPI.py. Then, we

CLEANed the continuum SPW using the CASA task

tclean after flagging the detected emission lines. We

performed five rounds of phase self-calibration with so-

lution intervals of the duration of the EBs, 1200s, 600s,

300s, and 100s as well as one round of amplitude self-

calibration with the duration of the EBs. The solutions

were applied to the SPW containing 13CN N = 2 − 1

lines without flagging lines, and the continuum emission

was subtracted by fitting a linear function to line-free

channels on the visibility space using the uvcontsub

task. Finally, the velocity channels that contain the
13CN lines were imaged with a channel spacing of 0.34

km s−1 (half of the velocity resolution) and robust pa-

rameter of 0.5. For the CLEAN mask, a Keplerian mask
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Table 1. Observation details

Transition Representative Freq. Project ID robust Original Beama Chan. Wid. RMSb Int. Time

(GHz) (km s−1) (mJy beam−1) (min)

13CN N = 2− 1 217.467150 2016.1.01375.S 0.0 0.′′46× 0.′′44,−88◦ 0.34 1.0 41
12CN N = 2− 1 226.874781 2018.A.00021.S 1.0 0.′′42× 0.′′33, 88◦ 0.10 0.89 228
12CN N = 1− 0 113.490970 2017.1.01199.S 0.0 0.′′50× 0.′′45, 42◦ 0.10 3.1 105

a The original CLEAN images were convolved a Gaussian to make the final beam to 0.′′5× 0.′′5.
b Measured after matching the beam

made with a Python script Keplerian mask (Teague

2020) was used assuming the disk inclination angle of

5.8◦, position angle of 151.6◦, stellar mass of 0.81 M⊙,

the systemic velocity of 2.84 km s−1, following Teague

et al. (2019). The outer radius of the mask was set to

3.0 arcsec to contain all emissions in the mask. The

CLEAN image cube was then convolved by an elliptical

Gaussian to match the final beam to a circular Gaussian

with an FWHM of 0.′′5 using imsmooth , and primary

beam correction was applied with impbcor. The root

mean square (RMS) noise level is estimated to be 1.0

mJy, which is calculated by averaging the RMS value of

the first and last three line-free channels of the image

cube before primary beam correction.

2.2. 12CN

We also analyzed ALMA observations of the
12CN N = 2 − 1 lines (ID:2018.A.00021.S, PI: R.

Teague). The measurement sets include CO J = 2 − 1

and CS J = 3− 2 lines as well. Details about these ob-

servations are described in Teague et al. (2022). After

downloading the data and running the pipeline calibra-

tion, we first imaged and self-calibrated the continuum

only using the short baseline data. Then, the data was

combined with the longer baseline EBs. We noticed that
the amplitude as a function of the uv distance of one EB

systemically deviates from others, therefore, that EB is

totally flagged. We performed six rounds of phase self-

calibration to the combined data. The solution interval

is decreased from the duration of EBs to 30 seconds.

Then, we ran one round of amplitude self-calibration

with the duration of EBs. The solutions of the self-

calibration were applied to the spectral windows con-

taining the 12CN lines. After subtracting the continuum

emission, two SPWs that contain the 12CN lines were

CLEANed using tclean with a velocity channel width of

0.1 km s−1 and robust parameter of 1.0 using a CLEAN

mask generated by a Python script, Keplerian mask.

We also used the 12CN N = 1−0 data from the archive

(ID: 2017.1.01199.S, PI: R. Loomis). The details of these

observations were described in Teague & Loomis (2020).

We ran pipeline calibration and self-calibration in a sim-

ilar way of Teague & Loomis (2020) and CLEANed with

a robust parameter of 0. Both of the 12CN data cubes

were also re-convolved by a Gaussian that matches the

final beam to the 0.′′5 circular Gaussian for consistency.

We also checked the absolute flux consistency among

the three observation sets. We extracted a spectral

energy distribution (SED) from the peak intensity of

continuum images corresponding to the 12CN N =

1 − 0, 2 − 1 and 13CN N = 2 − 1 image cubes. The

continuum images are also re-convolved and the beam

is a circular Gaussian with a FWHM of 0.′′5. The SED

can be well fitted by a power-law curve with an index

of 2.13, which is consistent with the literature (Tsuk-

agoshi et al. 2016; Ueda et al. 2020; Maćıas et al. 2021;

Tsukagoshi et al. 2022). The deviations from the best-fit

curve are ∼ −0.3%, 3.1%, and −2.7% for the continuum

images corresponding to the 12CN N = 1− 0, 2− 1 and
13CN N = 2−1 images. Since these deviations are suffi-

ciently small, we neglect the uncertainty on the absolute

flux scaling in the following analysis.

3. ANALYSIS AND RESULTS

3.1. The image of 13CN and matched filter analysis

We created moment zero maps of the three brightest

lines with the same Keplerian mask used in the CLEAN-

ing process using the CASA task immoments and then

stacked each of these moment zero maps to maximize

the signal-to-noise ratio. Figure 1 shows the resulting
13CN N = 2 − 1 moment maps. The 13CN N = 2 − 1

emission exhibits a ring-like morphology, which is simi-

lar to the 12CN lines (Teague & Loomis 2020). Also, the

emission is extended beyond the continuum disk that is

shown in the white dotted contour.

Although the 13CN lines are clearly detected on the

image plane, we also ran the matched filter analysis

(Loomis et al. 2018). The Keplerian mask was used

to generate the filter kernel. The mask is similar to that

used for CLEANing of the 13CN lines but with a smaller

outer radius of 1.6 arcsec just to contain the emission of

the brightest line (13CN N = 2− 1 J = 5/2− 3/2 F1 =

3 − 2 F = 4 − 3). The cross-correlation between the

observed visibilities and filter kernel was calculated by
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Table 2. Spectroscopic properties of the 13CN hyperfine N = 2− 1 lines observed
in the data.

J F1 F Frequency [GHz] A [s−1] gu Eup [K]

3/2-1/2 1-0 0-1 217.264639 6.05× 10−4 1 15.7

3/2-1/2 2-1 1-2 217.276438 2.70× 10−5 3 15.6

3/2-1/2 1-0 1-1 217.277680 5.80× 10−4 3 15.7

3/2-1/2 2-1 2-2 217.286804 2.42× 10−4 5 15.6

5/2-3/2 2-2 2-1 217.287543 3.08× 10−5 5 15.7

5/2-3/2 2-2 3-2 217.289801 2.22× 10−5 7 15.7

3/2-1/2 2-1 1-1 217.290823 4.00× 10−4 3 15.6

5/2-3/2 2-2 1-1 217.294470 1.64× 10−4 3 15.7

3/2-1/2 2-1 1-0 217.296605 5.30× 10−4 3 15.6

5/2-3/2 2-2 2-2 217.298937 1.50× 10−4 5 15.7

3/2-1/2 2-1 2-1 217.301175 7.16× 10−4 5 15.6

3/2-1/2 2-1 3-2 217.303191 9.60× 10−4 7 15.6

3/2-1/2 1-0 2-1 217.304927 5.31× 10−4 5 15.7

5/2-3/2 2-2 1-2 217.305904 5.25× 10−5 3 15.7

5/2-3/2 2-2 3-3 217.306117 1.88× 10−4 7 15.7

5/2-3/2 2-2 2-3 217.315147 3.16× 10−5 5 15.7

5/2-3/2 2-1 3-2 217.428563 7.67× 10−4 7 15.7

5/2-3/2 2-1 2-1 217.436350 5.89× 10−4 5 15.7

5/2-3/2 2-1 2-2 217.437702 1.76× 10−4 5 15.7

5/2-3/2 2-1 1-1 217.443722 3.09× 10−4 3 15.7

5/2-3/2 2-1 1-0 217.443722 4.35× 10−4 3 15.7

5/2-3/2 2-1 1-2 217.444666 1.87× 10−5 3 15.7

5/2-3/2 3-2 4-3 217.467150 1.01× 10−3 9 15.7

5/2-3/2 3-2 3-2 217.467150 8.92× 10−4 7 15.7

5/2-3/2 3-2 2-1 217.469151 8.43× 10−4 5 15.7

5/2-3/2 3-2 2-2 217.480559 1.59× 10−4 5 15.7

5/2-3/2 3-2 3-3 217.483606 1.14× 10−4 7 15.7

5/2-3/2 3-2 2-3 217.496736 4.70× 10−6 5 15.7

Notes. J, F1 and F are the quantum numbers. A and gu are the Einstein A
coefficients and upper state degeneracy. The data is taken from the CDMS database
(Müller et al. 2001, 2005; Endres et al. 2016).

a Python script VISIBLE (Loomis et al. 2018). The re-

sponse spectrum is shown in Figure 2. Assuming the

local thermal equilibrium (LTE), a predicted relative op-

tical depth spectrum at T = 40 K suggested by Teague

& Loomis (2020) is also plotted. Five hyperfine lines are

detected in a significance of > 5σ, and the brightest line,
13CN N = 2 − 1 J = 5/2 − 3/2 F1 = 3 − 2 F = 4 − 3,

exceeds a ∼ 20σ significance. This is the first spatially-

resolved detection of 13CN in a protoplanetary disk.

Note that Phuong et al. (2021) reported a detection of
13CN in the GG Tau A disk with ∼ 6− 8σ significance.

The MAPS project (Öberg et al. 2021) also observed the
13CN N = 2 − 1 line but it was not detected. This is

because they only covered the first seven hyperfine lines

listed in Table 2, whose Einstein A coefficients (times

upper state degeneracy) are relatively smaller.

3.2. Non-LTE modeling of azimuthally averaged

spectra of 12CN and 13CN

For further analysis, the spectra at each position were

azimuthally stacked assuming Keplerian rotation using

the python package gofish (Teague et al. 2016). We

used the same disk geometric parameters as used for

the CLEAN mask. We also specified the disk center

position by fitting a 2D Gaussian to the corresponding

continuum images. The resultant stacked spectra of the
12CN and 13CN lines as a function of the radius from

the central star and velocity shift from the rest frame of

the brightest lines in each hyperfine group are presented
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Figure 2. Matched filter response at 217.25–217.50 GHz.
The black line shows the model relative optical depth of the
13CN lines at T = 40 K. All the lines shown here are from
13CN.

in Figure 3. For the 13CN lines, we also present the disk

integrated flux spectrum after stacking with gofish in

Figure 4. Here, we adopted the disk outer radius of 3.0

arcsec.

To derive the physical quantities, we generated syn-

thetic spectra and compared them with the azimuthally

stacked spectra. Teague & Loomis (2020) previously

found that the 12CN lines are not in LTE by compar-

ing independently derived kinetic and excitation tem-

peratures. Therefore, we performed non-LTE modeling.

The peak optical depth τc,i and excitation temperature

Tex,i of each hyperfine line i are calculated in three-

dimensional grids for each SPW by using a Python wrap-

per of the non-LTE radiative transfer code RADEX (van

der Tak et al. 2007), SpectralRadex1 (Holdship et al.

2021). We adopted publically available spectroscopic

data (Klisch et al. 1995; Thomson & Dalby 1968; Kalug-

ina & Lique 2015) via the LAMDA database (Schöier

et al. 2005) for the 12CN lines. For the 13CN lines, we

used the LAMDA format file in the EMAA database 2

which is based on Müller et al. (2005) and Flower &

Lique (2015). Note that the rate coefficients are avail-

able only for collision with para-H2, so we ignored ortho-

H2 in our analysis. This may not be an issue if the rate

coefficients against para- and ortho-H2 are similar as

seen in CO since the ortho-to-para ratio of H2 at 30−50

K is 0.031−0.30 under the thermal equilibrium (Flower

& Watt 1984, 1985) which is expected in disks (Aikawa

et al. 2018). However, as in the case of 12CN, these rate

coefficients could be significantly different. New spec-

troscopic data for collision with ortho-H2 are required

to model the 13CN lines more robustly.

Each RADEX grid consists of the kinetic tem-

perature Tk, column density of 12CN or 13CN

N(12CN), N(13CN), and H2 volume density n(H2).

Here, we assumed that all lines share the same Tk and

n(H2), and the line width is identical to the thermal

width. We also adopted the background emission of the

black body radiation at 2.73 K. Note that the dust con-

tinuum emission is similar to or fainter than 2.73 K at

100 − 200 GHz at R > 40 au. While Tkin is gridded

linearly, N and n(H2) are sampled logarithmically. The

parameter ranges are listed in Table 3. The number of

the grid is 100 along each dimension.

1 https://github.com/uclchem/SpectralRadex
2 https://emaa.osug.fr

https://github.com/uclchem/SpectralRadex
https://emaa.osug.fr
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Table 3. Parameter ranges in our fitting

Parameters Ranges Units

log10 n(H2) [6, 12] cm−3

log10 N(12CN), log10 N(13CN) [11, 16] cm−2

Tk [10, 100] K

vsys [2.6, 3.0] km s−1

∆vj [0.02, 2.0] km s−1

Then, we generated synthetic spectra of all observed
12CN and 13CN lines at each radius using τc,i and Tex,i

calculated by SpectralRadex and fitted them to the ob-

served spectra as the following. First, Tk, n(H2), and

N(12CN) (or N(13CN)) are inputted to the model grids,

and they return τc,i and Tex,i for each hyperfine line i

by interpolation of the grids. Then, we calculated the

optical depth profile τi(v) of each line by adopting ther-

mal line width, where v is the velocity with respect to
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the brightest line in each group. We assumed that the

molecular and dust emitting regions are vertically dis-

tinct; while the dust grains are settled on the midplane,

the molecular emission originates from higher altitude

regions. The intensity coming from one-sided molecular

layer Imol is expressed as

Imol(v) =

∑
i B(Tex,i)

τi(v)

2∑
i

τi(v)

2

{
1− exp

(
−
∑
i

τi(v)

2

)}
,

(1)

following Hsieh et al. (2015), where B(Tex,i) is the

Planck function at the temperature Tex,i at the corre-

sponding frequency. This formulation can treat the line

overlapping approximately. Since we consider the three-

layer (molecules in the backside, dust grains at the mid-

plane, and molecules in the frontside) model along the

line of sight, the resultant intensity Imod after subtract-

ing the continuum emission can be written as

Imod(v) = {Imol exp(−τd) + Ic} exp

(
−
∑
i

τi(v)

2

)
+Imol−Ic,

(2)

where τd and Ic are the dust optical depth at each wave-

length taken from Maćıas et al. (2021) and observed

continuum emission, respectively. Note that the fac-

tors exp (−τd) and exp(−
∑

i τi(v)/2) express the con-

tinuum absorption at the midplane and molecular line

absorption in the frontside, respectively. The model

spectrum Imod(v) is generated with a 15 kHz inter-

val, shifted by the systemic velocity vsys, and con-

volved by a Gaussian with a standard deviation of

∆vj in each SPW (j = 1 − 4), approximating any in-

strumental broadening effect due to the velocity reso-

lution of the correlator and Keplerian shear in a beam

(e.g., Bergner et al. 2021; Muñoz-Romero et al. 2023).

As a result, we have nine free parameters at each

radius, n(H2), Tk, N(12CN), N(13CN), vsys and ∆vj for

four SPWs. The generated synthetic spectra are com-

pared with the observed spectra shown in Figure 3 in

terms of the log-likelihood function

logL = −1

2

∑
v

(
Imod(v)− Iobs(v)

σobs

)2

, (3)

where the summation is done over all velocity chan-

nels of the observations. Iobs(v) and σobs are the az-

imuthally stacked spectra and their standard deviation,

respectively. σobs is calculated for independent veloc-

ity bins; for the 12CN lines, since the original velocity

resolution is narrower than the final channel width, the

calculated standard deviations are directly used. On

the other hand, the standard deviation calculated in

the 13CN spectra is multiplied by
√
2 because the chan-

nel width is half of the velocity resolution. In prac-

tice, with the uniform prior shown in Table 3, we used

emcee (Foreman-Mackey et al. 2013) and sampled the

posterior distribution by the Markov Chain Monte Carlo

(MCMC) method. We set our MCMC chains with 64

walkers and 10,000 steps and a burn-in of the first 6,000

steps. The marginal posterior distributions are almost

Gaussian for all parameters and radii. We present the

representative corner plots in Appendix 5.

3.3. Fitting Results

We plot the fitting results in Figure 5. Panel (a)

shows the column density profiles of 12CN and 13CN.

The column density of 12CN ranges 1014−15 cm−2 at r

= 30 − 120 au. This value is broadly consistent with

the disk averaged 12CN column density of (9.6± 1.0)×
1013 cm−2 obtained from the data observed by the At-

acama Pathfinder Experiment telescope (Kastner et al.

2014) and that of ∼ 1014cm−2 estimated by Hily-Blant

et al. (2017) using ALMA observations. The slope of

the column density profiles changes at r ∼ 80 au, corre-

sponding to the truncation radius of the mm-continuum

disk (e.g., Ilee et al. 2022).

The best-fit kinetic temperature (panel b) is lower

than that derived from the brightness temperature of
12CO J = 3 − 2 (Huang et al. 2018b) but higher than
13CO J = 3 − 2 (Nomura et al. 2021), suggesting that

CN molecules exist at a higher altitude than most of

CO molecules. This is also evident in the n(H2) pro-

file (panel c), which shows that n(H2) at r < 80 au is

∼ 4 × 107 cm−3. The gas surface density and gas scale

height at r = 60 au are ∼ 4 g cm−2 and ∼ 5 au, respec-

tively, in the fiducial TW Hya disk model of Calahan

et al. (2021). Assuming these values, a mean molec-

ular weight of 2.37, and that vertical gas distribution

follows a Gaussian, n(H2) = 4 × 107 cm−3 corresponds

to an altitude of z/r ∼ 0.27 in the model. Meanwhile,

n(H2) is gradually increasing toward the outer region

and reaches ∼ 108 cm−3 at 100 au, which corresponds

to z/r ∼ 0.22 in the fiducial model of Calahan et al.

(2021). The derived n(H2) are roughly consistent with

those found by Muñoz-Romero et al. (2023) from mod-

eling of spatially-resolved multi-line DCN and DCO+

observations. The derived kinetic temperature and H2

volume density are consistent with the previous analy-

sis by Teague & Loomis (2020) as well as previous disk

models (Cleeves et al. 2015; Lee et al. 2021; Nomura

et al. 2021).

We also derive the 12CN/13CN column density ratio

(panel d). The ratio is consistent with the ISM value

(∼ 69; Wilson 1999) over 30 < r < 80 au. We calculated
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Figure 5. MCMC fitting results. (a) column densities of 12CN and 13CN(b) kinetic temperature Tk. (c) H2 volume density
n(H2). (d) the 12CN/13CN ratio with black dashed line and bar, indicating the ISM carbon isotope ratio and beam size,
respectively. (e) systemic velocity. (f) effective velocity resolutions for each SPW. In all panels, the shading represents the 1,2
and 3-sigma confidence contours estimated from the posterior distributions. Uncertainties in a few parameters are smaller than
the line thickness.
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the median and [16, 84] th percentiles of posteriors, and

find 12CN/13CN ≃ 70+9
−6 is a representative value. Also,

it is likely that there is a dip of 12CN/13CN at r ∼ 100

au, although its deviation from the ISM value is only

∼ 3σ. At the local minimum, 12CN/13CN is estimated

to be 48+5
−4.

We also plot the best-fit systemic velocity and effective

velocity resolutions for each SPW in panel (e) and (f).

The stable systemic velocities as a function of radius ver-

ify that the shift-and-stack process was successful. The

effective velocity resolutions for the 12CN lines increase

as the radius approaches the disk center. This is because

the velocity gradient due to the Keplerian shear in one

beam is larger near the disk center.

4. DISCUSSION

4.1. Vertical distribution of CN

The derived kinetic temperature and H2 volume den-

sity imply that the CN emission mainly arises from the

upper layer of the inner disk (r ≲ 80 au) and relatively

closer to the midplane in the outer disk (r ≳ 80 au).

The estimated altitude of the CN emitting region of

z/r ∼ 0.2− 0.3 is consistent with the previous study on

TW Hya (Teague & Loomis 2020) as well as the MAPS

targets (Bergner et al. 2021), but much lower than the

Elias 2-27 disk (Paneque-Carreño et al. 2022).

It has been suggested that the vertical distribution of

CN is strongly affected by the UV attenuation in a disk

(e.g, Aikawa & Nomura 2006; Cazzoletti et al. 2018).

Aikawa & Nomura (2006) found that the location of

the CN abundance peak in the vertical direction of the

disks shifts toward the midplane when the UV attenua-

tion by dust particles is weakened although the CN col-

umn density is not affected. Indeed, the mm-continuum

emission truncates around r ∼ 80 au (e.g., Ilee et al.

2022), and the infrared scattered light exhibits a gap at

r ∼ 80− 100 au (van Boekel et al. 2017), implying that

the UV attenuation is weakened in the outer disk. A

recent chemical model dedicated of the TW Hya disk by

Nomura et al. (2021) also shows that CN can exist near

the midplane outside the dust disk, which is consistent

with our results. The MAPS project suggested that the

CN/HCN column density ratio is correlated with the

mm-dust continuum gaps although it is not one-to-one

correspondence (Bergner et al. 2021). Our results show-

ing enhancement of CN near the midplane outside the

mm-continuum disk are in line with their results.

4.2. Carbon isotope fractionation scenarios in the TW

Hya disk

The 12CN/13CN column density ratio between 30 <

r < 80 au is 70+9
−6, similar to the ISM ratio. The carbon

isotope ratio in the TWHya disk has also been measured

in other carbon-bearing molecules. The carbon isotope

fractionation pattern in the similar region of the TW

Hya disk is quite complex. A low 12CO/13CO ratio of

21±5 is suggested by analyzing the 12CO and 13CO line

wings at r ∼ 70 − 110 au (Yoshida et al. 2022). Zhang

et al. (2017) also found a low 12C18O/13C18O ratio of

40+9
−6 at r ∼ 21 au. On the other hand, Hily-Blant et al.

(2019) measured the H12CN/H13CN ratio to be 86 ± 4

at r ∼ 20 − 55 au. Although we should be cautious

about differences in methods, it is clear that different

molecules have different carbon isotope ratios.

To discuss carbon isotope fractionation in the TW

Hya disk, it is necessary to estimate and compare col-

umn densities of carbon bearing molecules to understand

which species is the major carbon carrier. The column

densities of CN and HCN are much lower than that

of CO (Zhang et al. 2017; Lee et al. 2021). The av-

eraged column density of the neutral atomic carbon can

be estimated to be ∼ 7 × 1015 cm−2 from the observed

value in Kama et al. (2016) using equations in Oka et al.

(2001) and Tsukagoshi et al. (2015) assuming LTE and

excitation temperature of 50 K. This value is also 1-

2 orders of magnitude smaller than CO. Hydrocarbons

are other carbon bearing species in disks. The column

density of C2H at r = 100 au from the central star is

∼ 1013−1014 cm−2 according to models by Bergin et al.

(2016). In summary, it is likely that the main carbon

carrier in the TW Hya disk gas is CO.

The fact that CO is the main carbon carrier means

that the bulk gas 12C/13C is significantly low, ∼ 20 −
40. In the gas of a protoplanetary disk, there are two

mechanisms that can cause carbon isotope fractionation;

isotope-selective photodissociation and isotope exchange

reaction (e.g., Woods &Willacy 2009; Visser et al. 2018).

In both cases, however, the carbon isotope ratio in the

bulk gas does not change. Therefore, carbon isotope

fractionation between the gas and solid phase is needed

to explain the observed isotopologue ratios. In other

words, 12C would be selectively incorporated in the solid

phase. Future observations with the James Webb Space

Telescope could find evidence of 13C-poor solid material.

So, what did make CO in the gas phase 13C-rich? It is

suggested that the gas-phase CO is depleted within the

timescale of a few Myr from the protostellar stage by

observations and models ( e.g., Zhang et al. 2020; Krijt

et al. 2020; Furuya et al. 2022, but cf. Pascucci et al.

2023). Simultaneously the gas-phase C/O ratio outside

the CO snowline becomes even larger than unity (e.g.,

Öberg et al. 2011; Krijt et al. 2020; Bosman et al. 2021;

Calahan et al. 2023). Since the stellar age of TW Hya is

estimated to be 3-10 Myr (Barrado Y Navascués 2006;
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Vacca & Sandell 2011), it is possible that the high C/O

(> 1) ratio has been sustained for more than a few Myr

in the past. In this case, the isotope exchange reaction

13C+ +12 CO ⇌12 C+ +13 CO+ 35 K, (4)

can enhance the gas-phase 13CO in a relatively low-

temperature environment (≲ 35 K). Subsequent chemi-

cal reactions and physical processes such as dust coagu-

lation could lock the molecules produced from 12C+ to

the dust grains, making the bulk gas 13C-rich. On the

other hand, the carbon bearing molecules in the dust

grains would be slightly 13C-poor compared to the ISM

ratio.

Meanwhile, if CO is the main carbon carrier in the

bulk gas, the current gas-phase C/O ratio should be

almost unity or less; for instance, if there are only CO

molecules except for H2 in the gas phase, the abundance

of carbon equals that of oxygen, or, C/O = 1. However,

Bergin et al. (2016) suggested that a high gas-phase

C/O ratio of > 1 is needed to reproduce the bright C2H

emission. This apparent contradiction might be solved

by the vertical stratification of C/O as predicted by in

some models (Krijt et al. 2020). The CO isotopologue

ratio measured by Yoshida et al. (2022) reflects the re-

gion near the CO snow surface, which is located deeper

in the disk, as they used the optically thin line wings,

while C2H mainly reside in the upper layer where C/O

exceeds unity.

Our analysis shows that CN traces higher altitude

than 13CO, where the C2H emission may arise with

C/O > 1. The carbon isotopologue ratios in the upper

layer could be modified by the in-situ reactions includ-

ing reaction (4). Therefore, the isotopologue ratios of

CN and HCN may be explained in a way similar to the

previous models (Woods & Willacy 2009; Visser et al.

2018).

Another scenario to explain the low carbon isotope

ratio in CO, which is less likely but cannot be ruled out,

is that the bulk gas- and solid-phase 12C/13C deviates

from the local ISM ratio. It is known that the 12C/13C

in molecular clouds changes as a function of the distance

from the Galactic center due to the chemical evolution

of the galaxy. However, observations of carbon bearing

species in molecular clouds show some scatter even at

the similar distance (Milam et al. 2005). Therefore, we

cannot exclude the possibility that the prestellar cloud

of TW Hya was an outlier from the local isotope abun-

dance.

4.3. CN and HCN isotopologue ratios

The H12CN/H13CN ratio of 86 ± 4 (Hily-Blant et al.

2019) is higher than 12CN/13CN of 70+9
−6. Loison et al.

(2020) listed several isotope exchange reactions related

to HCN and CN including

13C+ +12 CN⇌ 12C+ +13 CN+ 31.1 K (5)
13C+12 CN⇌ 12C+13 CN+ 31.1 K (6)

13C+H12CN⇌ 12C+H13CN+ 48.0 K. (7)

Interestingly, reaction (7) has a larger zero point energy

difference than reaction (6) with similar rate constants,

which means that HCN should become more 13C-rich

if there are only C, CN, and HCN. Indeed, in the TW

Hya disk, the column density of the neutral carbon is

comparable to or even larger than that of CN and HCN

(Section 4.2). However, our results showed that CN is

more 13C-rich than HCN. This implies that other reac-

tions including reaction (5) may play an important role.

More realistic models that consider both physical and

chemical processes with a larger chemical reaction net-

work are required to reveal the complex carbon isotope

fractionation pattern (Lee et al., submitted).

We also note that a potential molecular stratification

of CN and HCN (i.e. CN traces higher altitude than

HCN) could also explain the isotopologue ratio that is

inconsistent with the zero point energy differences.

4.4. The 12CN/13CN dip at r ∼ 100 au

It is more difficult to explain the origin of the low
12CN/13CN ratio of 48+5

−4 at r ∼ 100 au. First, we

can interpret this as a radial variation of 12CN/13CN.

Indeed, in the Visser et al. (2018) model, it is shown

that the column density ratios of H12CN/H13CN and
12CN/13CN have a radial dependence with a dip ∼
150− 200 au, although it is not a source-specific model

for TW Hya. In terms of a radial variation, Yoshida

et al. (2022) found a high value of 12CO/13CO > 84

at r ∼ 100 au and they attributed it to the binding

energy difference of 12CO and 13CO to ices. However,

it is unclear if the low 12CN/13CN ratio at r ∼ 100

au is actually correlated to the high 12CO/13CO ratio

beyond r ∼ 100 au since the spatial resolution of the

data in Yoshida et al. (2022) and this paper are both

limited. The vertical variation of the 12CN/13CN ratio

can be another explanation. In terms of the H2 volume

density, the CN emission at r ∼ 100 au arises from a

deeper region compared to 30 < r < 80. Therefore, if

the 12CN/13CN ratio near the midplane is lower than

that in the upper layer, the observed profile could be re-

produced without significant radial variation. We note

that these two possibilities are not mutually exclusive;

both radial and vertical differences in the 12CN/13CN

ratio may contribute to it. In both cases, the physi-

cal structure such as the gap seen in the scattered light
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(van Boekel et al. 2017) may be related to the variation

of 12CN/13CN.

4.5. Caveats

There are some caveats for our analysis. First, our

non-LTE modeling uses the RADEX code, which does

not treat e.g. the overlap effect of emission lines. This

might affect the excitation conditions as well as the re-

sultant parameters. However, this effect is beyond the

current radiative transfer capabilities.

We should also pay attention to the non-LTE spectra

model fitting, where we assume that the kinetic temper-

ature and H2 volume density are the same among all

hyperfine lines. This means, in other words, we assume

that the emission comes from a homogeneous medium

along a line-of-sight. However, the temperature and

density structures in protoplanetary disks have a verti-

cal gradient in reality (e.g., Dullemond et al. 2002; Law

et al. 2021b). Therefore, if the kinetic temperature of

the line emitting regions of 12CN and 13CN are differ-

ent, it may be possible that the retrieved 13CN column

density is affected by the optically thick 12CN hyper-fine

lines. More detailed modeling is required to exclude this

possibility. However, it is not only beyond the scope of

this paper but also it needs deeper observations with

multiple transitions of 13CN.

5. SUMMARY

We have analyzed archival ALMA data of the 13CN

lines in the TW Hya disk. Our findings are summarized

as follows:

1. The 13CN N = 2 − 1 hyperfine lines are de-

tected. This is the first spatially-resolved detec-

tion of 13CN in protoplanetary disks. The ring-
like morphology of the emission resembles that of
12CN.

2. In conjunction with the 12CN lines, we conducted

a non-LTE analysis to derive the kinetic temper-

ature and H2 volume density of the line emitting

regions, and 12CN and 13CN column densities at

each disk radius. The derived low H2 density of

∼ 4×107 cm−3 at r < 80 au suggests that the CN

traces the disk upper layer (z/r ∼ 0.2− 0.3).

3. The 12CN/13CN ratio is derived to be 70+9
−6 be-

tween 30 < r < 80 au, which is similar to the

ISM value but different from the previous measure-

ments of carbon isotope ratios of CO and HCN in

the TW Hya disk, motivating the following sce-

nario. First, element oxygen in gas-phase was

depleted with respect to carbon, which promoted

the isotope exchange reaction (4). This produced
12C+ which was eventually locked to dust grains,

making the gas phase 13C-rich. The relatively 13C-

poor CN isotopologue ratio could be explained by

the in-situ reactions including reactions (4)-(7).

4. 12CN/13CN tentatively shows a low value of 48+5
−4

at r ∼ 100 au. This different in ratio can be ex-

plained due to the CN lines tracing different alti-

tudes at different radii, where the isotope chem-

istry differs.

5. This study highlights that different carbon-

bearing species have different carbon isotope ratios

in protoplanetary disk gas. Such isotope fractiona-

tion patterns would affect the isotope composition

of the planetary system material.
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APPENDIX

The corner plots of the resultant marginal posterior distribution at r = 56 au and 101 au are shown in Figure 6 and

7, respectively.
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Figure 7. Same as Figure 6, but for the results at r = 101 au.
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Öberg, K. I., Guzmán, V. V., Walsh, C., et al. 2021, ApJS,

257, 1, doi: 10.3847/1538-4365/ac1432

Oka, T., Yamamoto, S., Iwata, M., et al. 2001, ApJ, 558,

176, doi: 10.1086/321536

Paneque-Carreño, T., Miotello, A., van Dishoeck, E. F.,

et al. 2022, A&A, 666, A168,

doi: 10.1051/0004-6361/202142693

Pascucci, I., Skinner, B. N., Deng, D., et al. 2023, ApJ, 953,

183, doi: 10.3847/1538-4357/ace4bf

Phuong, N. T., Dutrey, A., Chapillon, E., et al. 2021, A&A,

653, L5, doi: 10.1051/0004-6361/202141881
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