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Abstract

UV photochemistry in the surface layers of protoplanetary disks dramatically alters their composition relative to
previous stages of star formation. The abundance ratio CN/HCN has long been proposed to trace the UV field in
various astrophysical objects; however, to date the relationship between CN, HCN, and the UV field in disks
remains ambiguous. As part of the ALMA Large Program MAPS (Molecules with ALMA at Planet-forming
Scales), we present observations of CN N = 1-0 transitions at 0”3 resolution toward five disk systems. All disks
show bright CN emission within ~50-150 au, along with a diffuse emission shelf extending up to 600 au. In all
sources we find that the CN/HCN column density ratio increases with disk radius from about unity to 100, likely
tracing increased UV penetration that enhances selective HCN photodissociation in the outer disk. Additionally,
multiple millimeter dust gaps and rings coincide with peaks and troughs, respectively, in the CN/HCN ratio,
implying that some millimeter substructures are accompanied by changes to the UV penetration in more elevated
disk layers. That the CN/HCN ratio is generally high (>1) points to a robust photochemistry shaping disk
chemical compositions and also means that CN is the dominant carrier of the prebiotically interesting nitrile group
at most disk radii. We also find that the local column densities of CN and HCN are positively correlated despite
emitting from vertically stratified disk regions, indicating that different disk layers are chemically linked. This
paper is part of the MAPS special issue of the Astrophysical Journal Supplement.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Protoplanetary disks (1300); Interstellar
molecules (849)

1. Introduction the degree to which in situ chemistry contributes to the overall
disk composition.

UV radiation is predicted to play an especially important role,
. . LT particularly in the somewhat elevated disk layers typically probed
Wthh. thgy form.' In tgrn, the disk composmon is hkely. set by a by ALMA (e.g., Cleeves et al. 2013). Tracing the UV field in
combination of inheritance from the interstellar medium and disks is therefore a compelling goal in order to predict the extent

The compositions of planets and planetesimals are deter-
mined by the chemical inventory of the protoplanetary disk in

in situ chemistry. Photochemistry plays an important role in to which in situ photochemistry is active within the disk. The
driving disk chemistry via the formation of ions and radicals in abundance ratio of CN/HCN has long been proposed as a tracer
the strongly irradiated disk surface layer and the somewhat of the UV field, with high CN/HCN ratios originally identified
shielded molecular layer (e.g., Aikawa & Herbst 1999). Thus, toward UV-exposed planetary nebulae and photodissociation
the radiation field of the disk is expected to strongly influence regions (e.g., Cox et al. 1992; Fuente et al. 1993, 1995). The

theoretical motivation for this is rooted in the different UV
photodissociation cross sections of both molecules. While CN can
20 NASA Hubble Fellowship Program Sagan Fellow. only be efficiently photodissociated at UV wavelengths below
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~113 nm, HCN photodissociation cross sections remain high up
to ~150nm (Heays et al. 2017). Correspondingly, HCN is
photodissociated at a faster rate than CN.

In the context of protoplanetary disks, early chemical models
predicted that, as a result of continuum UV exposure, CN
would occupy lower-density, more UV-exposed radial and
vertical regions of the disk compared to HCN (e.g., Aikawa &
Herbst 1999; van Zadelhoff et al. 2003). Bergin et al. (2003)
were the first to highlight the importance of Ly« radiation in
setting the CN/HCN ratio in disks: Lya will selectively
dissociate HCN, and in many cases the Ly« line contains tens
of percent of the total UV flux (e.g., Schindhelm et al. 2012).
Subsequent modeling efforts have indeed supported that Lya
plays a major role in setting the CN/HCN balance (Fogel et al.
2011; Chapillon et al. 2012). These newer models similarly
predicted that the CN/HCN ratio and the radial and vertical
distributions of both molecules are sensitive to differential
photodissociation. However, they emphasized that high CN/
HCN ratios in strong UV fields primarily reflect the loss of
HCN, since CN formation via HCN photodissociation is
typically minor compared to other CN formation pathways
(i.e., reactions of N with CH or C,).

Observationally, high CN/HCN ratios (1) were identified
in the first molecular surveys of disks and interpreted as a
signature of active photochemistry (e.g., Dutrey et al. 1997;
Kastner et al. 1997). Subsequent observational programs
confirmed high CN/HCN ratios toward numerous protoplane-
tary disks relative to earlier stages of star formation (Thi et al.
2004; Kastner et al. 2008; Oberg et al. 2010; Salter et al. 2011;
Oberg et al. 2011; Chapillon et al. 2012). However, contrary to
expectations, surveys including disks with widely varying
physical properties revealed remarkably similar CN/HCN
ratios (Kastner et al. 2008; Oberg et al. 2011; Salter et al.
2011), at odds with a scenario in which the CN/HCN ratio is
set primarily by the strength of the UV field in a given disk.

Still, these conclusions are based on line flux ratios rather
than column density or abundance ratios, introducing possible
degeneracies with line optical depth and excitation temperature.
HCN at least has been found to exhibit optically thick emission
in many disks (e.g., Bergner et al. 2019), which could obscure
trends in the CN/HCN flux ratios. Moreover, these previous
observations were either single dish (i.e., spatially unresolved)
or only marginally resolved, hindering an exploration on the
radial variation of CN/HCN ratios. Indeed, Oberg et al. (2011)
noted a differentiation in the radial extent of CN compared to
HCN in two disks observed with the Submillimeter Array and
proposed that radial trends in the CN/HCN ratio may be a
more powerful tracer of the UV field compared to the disk-
averaged value. Similarly, Guzman et al. (2015) found a larger
radial extent of CN than HCN in the disk around the Herbig Ae
star MWC 480, but not the disk around the T Tauri star DM
Tau. Overall, the utility of the CN/HCN ratio as a UV tracer
(both within a given disk and across disks) remains unclear.

The relationship between UV exposure and CN/HCN is
further complicated by other UV-driven chemistry that has
been proposed to impact CN and HCN formation and
destruction. Recent modeling by Visser et al. (2018) and
Cazzoletti et al. (2018) demonstrated the importance of CN
formation in disks via far-UV (FUV) pumping of H, into a
vibrationally excited state, termed H}k (Stecher & Williams
1972; Tielens & Hollenbach 1985). The reaction between H
and N to form NH, followed by reaction with C or C", was
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found to be the dominant formation pathway for CN. In this
model, H, pumping was assumed to be proportional to its
photodissociation rate, meaning that pumping of H, will be
driven primarily by UV photons with wavelengths <105 nm
(Heays et al. 2017). Cazzoletti et al. (2018) showed that this
framework successfully reproduces the ringed morphology of
CN toward TW Hya (Teague et al. 2016), and later the same
model roughly reproduced the CN emission toward two disks
in the Lupus star-forming region (van Terwisga et al. 2019). An
excitation analysis of CN emission in TW Hya (Teague &
Loomis 2020) found that CN emits from moderately elevated
disk regions consistent with a UV-driven formation pathway.
Observations of CN emission toward the edge-on Flying
Saucer disk also showed CN emission from elevated layers in
the outer disk (Ruiz-Rodriguez et al. 2021). However, in some
tension with the scheme outlined in Cazzoletti et al. (2018),
Arulanantham et al. (2020) found a negative correlation
between FUV continuum fluxes and submillimeter CN fluxes
in a sample of disks, which was interpreted as efficient CN
photodissociation in sources with higher FUV fields. The same
authors also saw a positive correlation between the FUV
continuum and IR HCN emission, implying UV-driven HCN
formation chemistry in the inner disk.

In summary, the relationship between the UV field and HCN
and CN formation and destruction may involve (i) selective
photodissociation of HCN over CN by UV continuum
(>113nm) and Ly« radiation, (ii) enhanced formation of CN
in strong FUV fields (<105 nm) due to FUV pumping of H3 as
an initiator of CN formation, and (iii) enhanced destruction of
CN and formation of HCN in high FUV fields.

With this in mind, our objective is to explore the extent to
which CN and HCN emission morphologies, column densities,
and column density ratios trace the UV field in protoplanetary
disks. The high sensitivity and high spatial resolution of the
MAPS?! data set (MAPS I; Oberg et al. 2021) enable us to
explore in detail the radial trends in the CN/HCN ratio in a
sample of five physically diverse protoplanetary disks. In
Section 2, we introduce the ALMA observations and present
moment zero maps and radial intensity profiles. In Section 3,
we derive radial column density profiles for CN and HCN and
search for correlations across the sample. In Section 4, we use a
toy model to explore connections between our observations and
the MAPS disk UV fields. In Section 5, we discuss the
implications for CN and HCN formation and destruction
chemistry and the utility of these molecules as photochemical
tracers. We summarize our conclusions in Section 6.

2. Observations
2.1. Observational Details

The MAPS sample is composed of the T Tauri disk systems
AS 209, GM Aur, and IM Lup and the Herbig Ae disk systems
HD 163296 and MWC 480. GM Aur exhibits a central dust and
gas cavity, while all other disks are full disks, though with a
wide range of dust substructures (Andrews et al. 2018; Huang
et al. 2018; Long et al. 2018; Huang et al. 2020). Further source
details can be found in MAPS I (Oberg et al. 2021). Four
hyperfine components of the CN N=1-0 transition were
covered within the B3-2 setup of MAPS, which is described in
detail in MAPS 1. All five disks were observed between 2018

21 http: //www.alma-maps.info
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Table 1
CN and HCN Spectral Line Data
Transition

FI'CqUCl’le Eu 1Og 1 O(Aul) 8u

N N J J F F (GHz) (K) s

CN
1 0 3/2 1/2 3/2 1/2 113.488120 5.4 -5.17 4
1 0 3/2 1/2 5/2 3/2 113.490970 54 —4.92 6
1 0 3/2 1/2 1/2 1/2 113.499644 5.4 —4.97 2
1 0 3/2 1/2 3/2 3/2 113.508907 5.4 —5.28 4
2 1 3/2 1/2 3/2 3/2 226.632190 16.3 —4.37 4
2 1 3/2 1/2 5/2 3/2 226.659558 16.3 —4.02 6
2 1 3/2 1/2 1/2 1/2 226.663693 16.3 —4.07 2
2 1 3/2 1/2 3/2 1/2 226.679311 16.3 —4.28 4
HCN

3 2 3 3 265.884891 25.5 —4.03 7
3 2 2 1 265.886189 25.5 -3.15 5
3 2 3 2 265.886434 25.5 -3.13 7
3 2 4 3 265.886500 25.5 —3.08 9
3 2 2 3 265.886979 25.5 —5.43 5
3 2 2 2 265.888522 25.5 —3.89 5

Note. Line parameters are taken from the CDMS database, with CN measurements provided by Dixon & Woods (1977) and Skatrud et al. (1983) and HCN

measurements from Ahrens et al. (2002).

October and 2019 September. For all disks, combined short-
and long-baseline executions resulted in a total range of
baselines from 15 to 3638 m. The spectral window containing
the CN transitions has a channel spacing of 61kHz,
corresponding to ~0.16 km s at 113 GHz.

We also make use of the HCN J = 3-2 hyperfine transitions
covered within the B6-2 setup of MAPS. We note that the
MAPS HCN results are presented in full in MAPS VI (Guzmén
et al. 2021).

Additionally, we make use of observations from the ALMA
project 2016.1.00884.S (PI: V. Guzmén) that cover four hyperfine
components of the CN N=2-1 transition toward HD 163296.
These observations were taken in three execution blocks between
2016 November and 2017 March, with a total time on source of
67 minutes. Baselines ranged from 15 to 1040m. The CN
transitions are contained in a spectral window with a channel
spacing of 122 kHz, corresponding to ~0.16 km s~ at 226 GHz.

Spectral line information for the CN and HCN transitions
considered in this work can be found in Table 1. Imaging of all
lines was performed according to the MAPS imaging pipeline, as
described in MAPS 1I (Czekala et al. 2021). The resulting CN and
HCN images have circularized beams with an FWHM of 0”3 and
0”15, respectively. We note that for this project we produced CN
N =1-0 images with a spectral resolution of 0.2 km sfl, ie.,
close to the native resolution, as opposed to the default 0.5 km s~
gridding used for Band 3 lines in MAPS 1. Thus, the Jorsater and
van Moorsel (JvM) correction factors e presented in Table 11
of MAPS T are still apphcable but the channel rms values for
our images (across 0.2 kms™ ) are instead 0.94, 1.6, 0.87, 1.1,
and 1.6 mJy beam ! toward AS 209, GM Aur, HD 163296, IM
Lup, and MWC 480, respectively.

For the CN N =2-1 observations toward HD 163296, the
restoring beam dimensions are 0”5 x 0”5. These observations

22 This corrects for non-Gaussian behavior of the dirty beam that results from
combining short- and long-baseline observations; see Jorsater & van Moorsel
(1995) and Czekala et al. (2021; MAPS II) for details.

combine data from two different ALMA configurations, and so
we apply the JvM correction with an e of 0.704. The channel
rms in 0.2 kms ™' channels is 2.9 mJy beam .

2.2. Observational Results

Here we present the MAPS CN observations, including
moment zero maps and radial intensity profiles. For HCN,
similar figures are presented in MAPS VI (Guzmaén et al. 2021).
Moment zero maps were constructed as described in MAPS 111
(Law et al. 2021a). We emphasize that these images are
presentational only, and all quantitative analysis is performed
on the full image cubes. In the case of CN N=1-0, the J=
3 - =, F= 5 - = hyperﬁne component is the brightest and
therefore the target of our morghologrcal analys1s However,
this line is blended with the J = 3= F= % — 5 component.
We therefore construct moment zero maps from the combined
emission of both hyperfine components, to prevent artificial
emission asymmetries.

The resultmg moment Zero maps for the combined CN

—IOJ—E——F and 2 — L lines are shown in
Figure 1 for the five disks in the MAPS survey. Figure 10 in
Append1x A shows the moment zero map for the CN N =21,

and - —% transitions toward HD

163296 ’

Deprojected radial intensity profiles were generated as
described in MAPS III (Law et al. 2021a) and are shown in
Figure 2. We included only pixels within a +-30° wedge along
the disk major axis in order to avoid the disk regions most
impacted by potential flaring, which can obscure the presence
of substructures.

As seen in the moment zero maps and radial intensity
profiles, the IM Lup disk shows a small central emission dip
followed by a small emission peak within 50 au, additional
small peaks around 180 and 320 au, and an extended emission
shelf out to 600 au. GM Aur, the only disk without a central
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IM Lup

GM Aur

6y (")

3 1 -1 -3
6x (")

AS 209

Bergner et al.

HD 163296 MWC 480

Figure 1. Presentational moment zero maps of CN N = 1-0 emission (including the two hyperfine components at 113.488 and 113.491 GHz) toward the five MAPS
disks. To better illustrate weak emission features, integrated intensities are shown with a power-law color stretch. Color scales are normalized to each individual
image. In each panel, the restoring beam is shown in the lower left corner and a 100 au scale bar is shown in the lower right corner.

25
oy IM Lup GM Aur AS 209 HD 163296 MWC 480
wn

20f - - - -
E A FAS
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[
Qo
> CN N=2-1 (+15)
E 10 -
2
2 5 B o
8 y
<

o Y

TN N [N TN TN T [ T S | R o
0 200 400 600 O 200 400

Radius (au)

. P . Y
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I R 1 PR S W R N T PR R B - i | 1 .
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Figure 2. CN N = 1-0 deprojected radial intensity profiles, including only pixels within a +30° wedge along the disk major axis. CN N = 2-1 is also shown for HD
163296 (gray line), scaled down by a factor of 15 and offset for clarity. Shaded regions represent the uncertainties in each radial bin, as described in Law et al. (2021a;
MAPS III). The synthesized beams are shown in the upper right corner of each panel.

emission dip, shows centrally concentrated CN emission within
50 au, though we cannot rule out that an inner emission hole
would be detected at higher spatial resolution. The GM Aur
disk exhibits weak emission out to ~600 au, with notable
bumps around 200 and 300 au and a gap around 220 au. The
AS 209 disk shows a deep CN emission hole, surrounded by a
bright and fairly compact ring of emission within ~150 au that
appears to consist of two components, and may resolve into
two separate rings at higher resolution. Beyond this, there is a
weaker emission shelf out to ~300 au. The HD 163296 disk
shows a central dip in CN emission followed by a bright ring
around 50 au, with another peak around 150 au. Beyond this
there is relatively flat emission from ~200 to 300 au, followed
by a ring centered around 400 au and extending to 600 au.
These features can be seen in both the CN N = 1-0 (lower
signal-to-noise ratio (S/N), higher resolution) and 2-1 (higher
S/N, lower resolution) images. Toward MWC 480, the CN
emission appears to exhibit a moderate central emission dip,
though the uncertainties are high. From the moment zero map it
appears that the emission hole is present only on one side of the
disk. Higher-resolution observations are needed to better
determine the CN morphology in the inner ~50 au of the
MWC 480 disk. Beyond this, there is a bright and compact ring
out to 150 au and a diffuse emission component extending to
~600 au. Small-scale bumps are seen at 200, 400, and 450 au,
with a gap at 420 au, though these features are weak. Indeed,
several of the weak emission bumps in IM Lup, GM Aur, and
MWC 480 are not distinct from the surrounding line profile at a

>30 level, and we advise caution in interpreting these features
until higher-S/N observations can confirm that they are real.
When considering only the unambiguous emission features, we
conclude that most disks show a bright and compact emission
ring within ~50-150 au (though the GM Aur disk shows a
bright emission peak with no inner depression) and weaker
emission rings/shelves extending out to a few hundred au.

3. CN and HCN Column Densities
3.1. Spectral Line Model

Both CN and HCN exhibit hyperfine splitting of their
rotational spectra, which can be fitted in order to obtain
constraints on their column densities. Our modeling framework
is as follows. We produce synthetic spectra assuming that all
hyperfine components share a common rotational temperature
T, and that the emission is in local thermodynamic eq;uilibrium
(LTE). The critical densities are below 10° cm ™ for the
observed CN transitions and below a few x 10’ cm > for the
observed HCN transitions. Based on the disk structure models
derived in Zhang et al. (2021; MAPS V), disk densities exceed
the CN critical density for typical CN emission heights (z/r
~ 0.2; Teague & Loomis 2020). Non-LTE modeling of HCN in
the MAPS disks by Cataldi et al. (2021; MAPS X) shows that
while the HCN-emitting region may drop below the critical
density in the outer disk, the impact on column density is small
in the disk regions that we are focused on (i.e., within
~400 au).
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For each hyperfine component i, the optical depth at the line
center 7, is found from

3
Nt E.m, Suifuic” 1 (eMi/kT _ 1)

(1) 8mv}  o\2m ’
where N7 is the total column density, Q(7,) is the molecular
partition function, o is the Gaussian line width, and for each
hyperfine component E, ; is the upper-state energy (K), g,; is
the upper-state degeneracy, A, ; is the Einstein coefficient, and
v; is the transition frequency.

We assume Gaussian line profiles such that the total optical
depth profile is

AV V— VY
ﬂ,:Zﬁ,oeXp( V=¥ — Vi) ) )

ey

7i,0

202

where V is the velocity, V; is the velocity offset of each
hyperfine component, and Vi is the systemic velocity.

Lastly, we solve for the intensity profile (in units Jy beam ")
with

L, = [B/(T}) — By(Try)] X (1 —e™™) x Q, 3)

where B, is the Planck function and 2 is the effective angular
area of the restoring beam. For the background temperature
Ty, we adopt the maximum of the cosmic microwave
background (2.73 K) or the average continuum brightness
temperature within the same radial bin as the line data. We use
the continuum images from the MAPS setup B3-2 (2.8 mm)
and B6-2 (1.2 mm) for CN and HCN, respectively, which are
shown in Figure 1 of MAPS XIV (Sierra et al. 2021).

In principle, the line width should be dominated by thermal
broadening, as turbulence has been found to be minor in disks
(e.g Teague et al. 2016; Flaherty et al. 2020). In practice, the
line widths measured in our spectra are broader than thermal.
This observational broadening could be due to a combination
of (1) emission contributions from the back side and the front
side of a flared disk, which have different projected velocities;
(2) beam smearing, in which a wide range of Keplerian
velocities are incorporated within the same beam, especially
impacting the inner disk; and (3) Hanning smoothing of the
data, which effectively reduces the spectral resolution. Because
the optical depth is dependent on the line width (Equation (1)),
this extra line broadening will result in artificially low inferred
optical depths.

To correct for this, we adopt the thermal line width oy, as
the line width when calculating 7;o from Equation (1), as a
better approximation of the excitation conditions within a given
radial bin than what is inferred from the broadened line. As
noted above, we do not expect turbulence to be an important
contributor to the line width (e.g., Teague et al. 2016; Flaherty
et al. 2020). The thermal line width is found from

Otherm = 4 @ s (4)
m

where m is the molecule’s mass. We adopt the rotational
temperature as the kinetic temperature Ti;,, i.e., assuming that
the emission is well described by LTE. With 7; calculated
assuming o = oyperm (Equation (1)), we then calculate 7, and 1,
according to Equations (2) and (3). Lastly, the total integrated
intensity of the “thermal” spectrum is redistributed assuming a
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Gaussian line profile with a broadened line width o,
preserving the total velocity-integrated intensity.

We fit for the free parameters Ny, T}, oops, and Vig.. We use
the Markov Chain Monte Carlo (MCMC) package emcee
(Foreman-Mackey et al. 2013) to sample the posterior
distributions of the four fit parameters.

3.2. Line Fitting

We perform line fitting on radial spectra obtained using the
task cube.radial_spectra within the Python package
gofish (Teague 2019). With this technique, pixels are
corrected for their projected Keplerian velocity prior to
averaging (e.g., Yen et al. 2016), thus limiting extra line
broadening that would normally be introduced in a radial
average. Spectra are generated in radial bins that are 1/4 of the
beam size. For lines with sufficient S/N (HCN toward all disks
and CN toward HD 163296 and AS 209), we use only pixels
within a +30° wedge along the disk major axis. This allows us
to more clearly identify column density substructures by
minimizing distortions to the radial profile that are caused by
flaring, an effect that is most impactful along the disk minor
axis. This treatment does not significantly change the derived
column densities compared to azimuthal averages. For CN in
MWC 480, GM Aur, and IM Lup we include all pixels in the
azimuthal averages in order to achieve sufficiently high S/N to
perform line fitting. To extract the HCN radial spectra in HD
163296, we assume an emission surface of z/r = 0.1 based on
the fitting in MAPS IV (Law et al. 2021b). For all other
sources, we do not assume an emission surface since the
surface either could not be constrained or is consistent with a
z/r <0.1. We also note that the HCN column density profiles
we derive are in very good agreement with those independently
derived in MAPS VI (Guzman et al. 2021) and MAPS X
(Cataldi et al. 2021).

Figure 3 shows example radial spectra of CN toward HD
163296, along with draws from the spectral model fit
posteriors. We note that because all four hyperfine components
of the CN N = 1-0 transition share a similar upper-state energy,
the derived excitation temperatures have large uncertainties. To
better inform our priors, we jointly fit the CN N = 2-1 lines and
1-0 lines observed toward HD 163296, which resulted in
tighter constraints on the CN excitation temperatures, and also
confirmed that column density fits derived from the N =1-0
lines alone are indeed reliable. Further details on the joint
fitting can be found in Appendix A.

In the case of HCN, the hyperfine components are severely
blended in the inner tens of au, prohibiting us from obtaining
reliable column density constraints. We therefore do not
consider the HCN column densities for the affected radii,
which are identified by eye based on poorly converged walkers
in the corner plots. Detailed radiative transfer modeling of the
inner disk HCN emission is needed to properly treat line
blending and account for contributions from different surfaces
in the disk. We note that this is not a problem for the CN lines
since the spacing between the hyperfine components is larger.

The CN images used in our fitting have a 0”3 resolution,
while the HCN images have a 0”15 resolution. We chose to use
the higher-resolution HCN images because there is less line
blending between the HCN hyperfine components in higher
spatial resolution data; thus, we obtain more robust constraints
on the column densities. To obtain CN/HCN ratios, we draw
10,000 CN column density posteriors within a given CN radial
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bin and 10,000 HCN column density posteriors within the
corresponding HCN radial bins and find the 16th, 50th, and
84th percentiles of CN/HCN ratios within this sample.

3.3. CN and HCN Column Density Profiles

The CN and HCN column density profiles derived from
hyperfine fitting are shown in Figure 4, along with the CN/HCN
column density ratios. The rotational temperature and optical
depth profiles are shown in Appendix B. Across the disk sample,
the column densities range from 10" to 10" cm 2 for CN and
from 10" to 10'® cm 2 for HCN (and possibly higher in the inner
tens of au). The range of CN column densities is quite narrow
compared to HCN, perhaps implying formation in a limited range
of physical environments.

All disks except MWC 480 show an inner dip in the CN
column density, though we note that there are large uncertainties
on the CN intensity profile in the inner disk of MWC 480 due to
the presence of an asymmetric emission dip (Figures 1 and 2).
Note also that, unlike the radial intensity profile, the CN column
density profile for GM Aur shows an inner dip. However, the
uncertainties are high owing to broad line widths in the innermost
radial bin. Higher spatial resolution observations are needed to
determine the CN morphology in the inner disk of MWC 480 and
GM Aur.

In all disks, there is a ring of high CN column densities
(>10"* cm™?) that extends to ~50 au in IM Lup and GM Aur
and to ~100-150 au in AS 209, HD 163296, and MWC 480.
Immediately beyond this, a second bump in column density is
seen clearly for AS 209 and HD 163296 and may also be
present in IM Lup, GM Aur, and MWC 480. Further out, all
disks exhibit CN shelves out to a few hundred au, with small-
scale bumps and gaps mirroring those seen in the radial
intensity profiles (Figure 2). However, we caution against
overinterpreting these features owing to the relatively low S/N
of the CN emission in the outer disks. In addition, HD 163296
exhibits a high column density CN ring around 400 au.

The HCN column density profiles in IM Lup and AS 209
exhibit broad ringed profiles, consisting of a single ring
component for IM Lup and an inner ring plus outer shelf in AS
209. The column density profiles in the inner tens of au are
poorly constrained for GM Aur, HD 163296, and MWC 480
owing to line blending. Around 50 au, where the fits become
reliable, all three show a steeply decreasing column density
profile. HD 163296 shows a column density bump around
120 au, and MWC 480 exhibits a shoulder around 100 au. All
five disks show a gradual decline in the HCN column density
beyond ~150 au.

The CN/HCN column density ratios are quite similar in GM
Aur, AS 209, HD 163296, and MWC 480: a minimum CN/
HCN occurs around 50 au, followed by a steep increase in CN/
HCN out to 100-150 au and a smoother increase in the outer
disk. In these disks, the CN/HCN ratio ranges from about unity
at small radii to as high as 100 at larger radii. IM Lup is distinct
in that the minimum CN/HCN ratio is an order of magnitude
higher than in the other disks, and the CN/HCN profile does
not show the same dramatic increase around 50 au. For the two
disks with good constraints on the HCN column density in the
inner disk, IM Lup and AS 209, we also observe that the CN/
HCN ratio decreases steeply with radius in the inner 50 au.
Better constraints on the HCN column density at small scales
are required to determine whether this pattern is also present in
GM Aur, HD 163296, and MWC 480.
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Figure 5. Normalized column density profiles of CN and CN/HCN (pink and blue lines, respectively) with millimeter dust features overplotted. Solid orange and
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the line data.

In Guzman et al. (2015), the CN emission was found to be
radially extended relative to HCN in a disk around a Herbig
star (MWC 480) but not a disk around a T Tauri star (DM Tau).
In our sample, the radial extents of CN and HCN are
comparable in AS 209, but the CN emission is more extended
in the remaining disks. It is interesting to note that both T Tauri
systems (IM Lup and GM Aur) and Herbig Ae systems (HD
163296 and MWC 480) exhibit larger radial extents of CN
compared to HCN. Thus, our observations do not support any

systematic difference between the relative CN and HCN
extents around stars of different spectral types.

3.4. Comparison to Dust Substructures

Figure 5 shows the normalized CN and CN/HCN column
density profiles with millimeter dust substructure locations
overplotted. Millimeter substructure properties are taken from
Law et al. (2021a; MAPS III). For clarity, we do not show
HCN here since an analogous comparison of HCN column



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:11 (17pp), 2021 November

1015
.
.
,‘,
¥4
TE %f:_f +
51014- *
=
S T
=2 —* ? “
+ o IMLup
+¢ ¢+ + e GM Aur
* + e AS 209
+ e HD 163296
Lon # MWC 480
10 1612 1613 ‘1614 1015

N(HCN) (cm™2)

Figure 6. CN and HCN column densities for each radial bin in the five MAPS
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density with dust substructure is shown in Guzman et al. (2021;
MAPS VI) using the higher-resolution Band 6 data.

For the purposes of identifying possible associations
between the line and continuum substructures, we consider
cases in which the CN column density or CN/HCN ratio peaks
or troughs either (i) within the width of the millimeter
substructure or (ii) within 07075 from the center of the
millimeter substructure, corresponding to one-quarter of the
CN beam FWHM. We consider both criteria because the
continuum substructure positions were derived using higher-
resolution images than the CN images. As a result, beam
smearing could introduce an offset in the observed line peak
position relative to the continuum. This uncertainty would be
mitigated by higher-resolution line observations to better
identify the positions of CN and CN/HCN substructures.

There is no one-to-one trend between dust substructures and
CN or CN/HCN substructures. However, there are a number of
cases in which the continuum intensity anticorrelates with the
CN/HCN ratio. This occurs for the two gap-ring pairs in IM
Lup, for the ring—gap-ring sequence from 85 to 100 au in HD
163296, and for the inner gap—ring pair and outer ring in MWC
480. A notable exception to this pattern is the large dip in CN/
HCN at the position of the 61 au millimeter gap in AS 209. For
all other millimeter gaps and rings, either there is no
corresponding feature in the CN/HCN ratio or the relationship
is ambiguous (as for the CN/HCN peaks around 160 au in HD
163296 and around 130 au in MWC 480).

An analogous overlay of the CN and CN/HCN column
density profiles with near-IR (NIR) ring locations is shown in
Figure 13. Because NIR ring width measurements are not
available, we consider an association if a line peak or trough is
within a quarter beamwidth of an NIR ring. We find that NIR
rings are in some cases coincident with CN/HCN dips (92 and
152 au in IM Lup), in some cases with CN/HCN peaks (243 au
in AS 209, 77 au in HD 163296), and in all remaining cases
unassociated with any CN/HCN feature (281 and 332 au in IM
Lup, 78 and 140 au in AS 209, 333 au in HD 163296). Thus, it
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is difficult to identify a predictable change in CN/HCN ratio as
a function of NIR features.

3.5. Local CN versus HCN Column Densities

We use the radially resolved column density profiles to
explore how the CN and HCN column densities are related to
one another locally within a disk. Figure 6 shows the CN and
HCN column densities measured within each radial bin in the
five MAPS disks. We include only bins for which both CN and
HCN column densities could be measured (see Figure 4). Bins
that are redundant samples of the same beam are shown with
transparent markers in order to limit artificial correlations.

It is clear that local column densities of CN and HCN are
positively correlated: disk radii with higher HCN column
densities generally have higher CN column densities as well.
The molecular column densities appear to be well rank-ordered,
but the proportionality constant changes such that the CN/
HCN ratio decreases with increasing HCN column density.
Interestingly, points from different disks fall along roughly the
same trend line, meaning that the CN column density can be
inferred for a given HCN column density. Note that better
constraints on the HCN column density in the inner disk
regions are needed to determine whether this trend is valid at all
disk radii, or only beyond a few tens of au. Still, the trend
between CN and HCN column densities in a given disk
location suggests that (i) the CN and HCN chemistries are
linked and (ii) their relative abundances are sensitive to the
local disk environment. We discuss this further in Section 5.5.

3.6. Column Density Relationship to UV Luminosity

As outlined in Section 1, CN and HCN formation and
destruction are predicted to depend strongly on the local UV
field. Figure 7 shows the measured CN and HCN column
densities, as well as CN/HCN ratios, plotted against the stellar
UV luminosities (91-200 nm). UV luminosities are calculated
from the stellar spectra derived in MAPS V (Zhang et al. 2021)
based on the UV spectra presented in Dionatos et al. (2019). In
order to explore trends between the stellar UV field and the
bulk disk chemistry, we consider two column density metrics:
the peak column density across all radial bins within a disk, and
the average column density in all radial bins across a disk,
weighted by the area of each bin. These column density
statistics are listed in Table 2.

As seen in Figure 7, we observe no clear trends between the
maximum or average column densities with the stellar UV
luminosity. In fact, the average CN column density varies by
just a factor of ~2.5 across the disk sample, and the peak by a
factor of ~7, despite a difference of two orders of magnitude in
the stellar UV luminosities. Thus, while a tentative increase in
the maximum CN column density with UV luminosity can be
seen, any dependency of bulk CN formation on stellar UV
luminosity is quite weak. HCN column densities exhibit a
wider range of average and peak column densities but show no
clear trend with UV luminosity. The average and peak CN/
HCN ratios across the disks vary by factors of ~2.5 and 4,
respectively, and show no trend with stellar UV luminosity.
Thus, the CN/HCN ratio does not appear associated with the
stellar UV luminosity.

It is important to note that the UV spectra used in this
analysis include measurements from different instruments
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Figure 7. CN (left), HCN (middle), and CN/HCN (right) column densities in each disk plotted against the stellar UV luminosities. The top of each bar represents the
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bars represent T Tauri and Herbig Ae systems, respectively.

Table 2
Column Density Statistics
Source CN Navg [Nmax] HCN Nuvg [Nmux] CN/HCN Nﬂvg [Nmux] RCN RHCN
(crnfz) (cm™ °) (cm™°) (au) (au)

IM Lup 4.5 [27.1] x 10" 22 [10.4] x 10" 42 [117] 8-589 39-496
GM Aur 3.3 [98.2] x 10" 6.2 [491.6] x 10'? 20 [38] 8-493 52-356
AS 209 8.8 [54.1] x 10" 4.1 [72.9] x 10" 46 [103] 6-296 26-266
HD 163296 8.1 [123.2] x 10" 4.8 [368.9] x 10'? 51 [150] 5-497 48-438
MWC 480 6.3 [194.1] x 10" 1.6 [26.0] x 10" 35 [62] 8-489 59-295

Note. Column density averages and maxima are found from the range of radii listed for each molecule. CN/HCN ratios are derived using the HCN radii.

taken at different times, and the resulting co-added spectra may
not be representative of the UV environment at the time of our
ALMA observations. Thus, it is possible that trends with stellar
UV luminosities exist but are not identifiable with the current
UV spectra. Still, for CN and CN/HCN, any dependency is
necessarily subtle owing to the small ranges observed across
the disk sample.

3.7. CN Rotational Temperature Profile in HD 163296

In the one case where we have both CN N=2-1 and
N = 1-0 observations, HD 163296, we obtain good constraints
on the radial CN rotational temperature. Figure 8 shows the CN
rotational temperature profile in HD 163296, along with dust
substructure locations observed at millimeter wavelengths
(MAPS 1II; Law et al. 2021a) and NIR wavelengths (Monnier
et al. 2017; Muro-Arena et al. 2018; Rich et al. 2020). The CN
rotational temperatures are warm in the inner ~200 au (30-60
K) and drop to 15-20 K beyond this. We also observe several
peaks in the rotational temperature, occurring around 20, 170,
and 320 au. Using the same criteria described in Section 3.4,
temperature maxima appear to be associated with the major
dust rings at 170 au (millimeter) and 320 au (NIR). Dust rings
in the inner 100 au are not accompanied by CN rotational
temperature peaks. However, at the moderate (0”5) spatial
resolution of these data, there are just two resolving elements
across this region, and higher-resolution observations are
needed to determine whether there are small-scale CN
temperature peaks in the inner disk. It is also important to
note that if CN is emitting from a flared surface, the radial
location of the CN features may be shifted with respect to the
midplane pebble population, thus complicating a comparison
with dust features seen at millimeter wavelengths. Still, we see
tentative evidence for increased CN rotational temperatures

near the presence of dust rings, which we discuss further in
Section 5.2.

4. Toy Model: Local UV Fields
4.1. Model Setup

In Section 3.6 we showed that stellar UV luminosities are
poor predictors for the peak or average CN, HCN, or CN/HCN
column densities in the MAPS disks. Here, we present a toy
modeling framework to explore the local UV fluxes in the
MAPS disks, which are regulated by the disk physical
structure, as well as the incident UV field. With this we can
identify patterns between the observed CN and HCN emission
and the source-dependent propagation of UV radiation within
the disk.

Source-specific disk physical models for all five MAPS sources
were derived in MAPS V (Zhang et al. 2021) by simultaneously
fitting the SED, 1.3 mm continuum image, and photospheric, UV,
and X-ray spectra. We adopt the resulting dust density profiles,
which include both a small dust population (0.005-1 um) and a
large dust population (0.005 yum-1 mm). We then use RADMC-
3D (Dullemond et al. 2012), along with the same dust opacities
and stellar spectra adopted in Zhang et al. (2021) and assuming
isotropic scattering, to simulate the local UV field at each grid
position in the disk.

Figure 9 shows the modeled UV fluxes for the five MAPS
disks. In addition to the total UV flux, we explore whether any
trends exist within the wavelength regions where specific
photoprocesses are activated. Namely, CN formation via FUV
pumping of H, should be efficient at wavelengths <105 nm,
while HCN should be selectively photodissociated over CN at
wavelengths >113 nm (Section 1). Thus, the total UV flux and
the flux within these wavelength ranges are shown in the top,
middle, and bottom rows of Figure 9.
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Figure 8. CN rotational temperature profile derived from joint fitting of
N=1-0 and N=2-1 lines in HD 163296. Vertical lines represent the
locations of millimeter rings (solid orange), millimeter gaps (dotted gray), the
millimeter disk edge (dashed gray), and NIR rings (solid green). For millimeter
features, the measured substructure widths are indicated with shaded regions.
The restoring beam FWHM is shown with a horizontal black line.

4.2. FUV-induced CN Formation

We first compare the toy UV models with the observed CN
emission morphology (Figures 1 and 2). GM Aur is the only
disk with centrally peaked emission, exhibiting bright CN
within the inner ~50 au. This is very likely a result of the inner
dust cavity in GM Aur. As can be seen in Figure 9, the UV flux
penetrates closer to the disk midplane within the dust-depleted
inner cavity, and thus UV photoprocesses like CN formation
should be enhanced in this region.

In all other disks, the CN emission exhibits a central
depression. Modeling by Cazzoletti et al. (2018) shows that
ringed CN emission is a common outcome when CN formation
is initiated by the production of vibrationally excited H3. In
turn, H3 is limited in the innermost disk regions by some
combination of efficient H, dissociation or collisional de-
excitation of H3. Observations by Arulanantham et al. (2020)
also show evidence for CN destruction in strong FUV fields,
which could additionally contribute to the CN emission deficit
in the inner disk. Of these three mechanisms to explain a
central CN depression (i.e., H, photodissociation, H}k colli-
sional de-excitation, or CN photodissociation), photodissocia-
tion of H, or CN is at odds with the CN emission peak
observed within the inner cavity of GM Aur, since efficient
dissociation in the UV-exposed cavity should produce a strong
CN deficit instead of a peak. In contrast, collisional H? de-
excitation is consistent with both the observed CN emission
deficits in the high-density inner regions of the full disks in our
sample and the CN emission peak in the low-density inner
cavity of the transition disk GM Aur. Thus, we speculate that
collisional HY de-excitation plays the dominant role in shaping
the observed inner CN holes in full disks.

As discussed in Section 2.2, all disks exhibit a compact
emission peak at a few tens of au (though this feature is quite
small in the case of IM Lup), followed by a drop in intensity
beyond 50-150 au. Here we highlight that, in Figure 9, the total
UV photon flux (top row) is not scarce beyond these radii.
However, when considering only the flux of photons with
wavelengths <105 nm (i.e., those corresponding to H, pumping;
middle row), the flux is attenuated more steeply with radius. This
would provide a natural explanation for the bright CN rings that
fall off rapidly in intensity beyond 50-150 au. Moreover, we note
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that IM Lup, which exhibits only a weak inner CN component, is
also predicted to have a low flux of <105nm photons at
essentially all radii. The high modeled <105 nm flux in GM Aur
is in some tension with the relatively weak observed CN emission.
However, the input spectrum for GM Aur is particularly uncertain,
as the star is known to exhibit high UV variability (Robinson &
Espaillat 2019).

4.3. The Role of Selective HCN Photodissociation

Models also predict that the CN/HCN ratio should be
sensitive to selective photodissociation of HCN (e.g., Aikawa
& Herbst 1999; Fogel et al. 2011), which is most efficient at
UV wavelengths ~113—150 nm. Based on the photon fluxes in
Figure 9, we would expect the highest CN/HCN ratios in HD
163926, MWC 480, and GM Aur (though, as noted above, this
flux may be an overestimate) and lower CN/HCN ratios in AS
209 and IM Lup. From the peak and average column density
ratios presented in Table 2, however, we see that IM Lup has a
high CN/HCN ratio relative to the rest of the sample, and GM
Aur the lowest. HD 163296 and MWC 480 both show
relatively high CN/HCN ratios, as expected in a photodisso-
ciation framework. However, the data set as a whole seems
incompatible with a simple relationship between the UV flux
and bulk metrics of the CN/HCN ratio (e.g., peak or average
across the disk).

5. Discussion
5.1. CN Formation Pathways

A main motivation for the modeling study of Cazzoletti et al.
(2018) was to explain the dramatic ringed morphology of CN
in TW Hya, originally presented in Teague et al. (2016). Those
models show that CN rings are a natural outcome when CN
formation is initiated by vibrationally excited H3. This is
largely due to the ringed morphology of H3 itself: the
abundance is low in the inner disk, due to some combination of
H, photodissociation and H} collisional de-excitation, and also
low in the outer disk, where shielding inhibits FUV pumping to
form H3. The CN abundance profile thus inherits this ringed
profile. Subsequently, the disks Sz 71 and Sz 98 in Lupus were
found to have a similar morphology consisting of a single
bright CN emission ring (van Terwisga et al. 2019), which can
be readily explained by H3-initiated formation chemistry.

In our sample (Figure 2), we observe a bright inner CN
emission ring toward AS 209, HD 163296, and MWC 480,
while IM Lup exhibits a weak emission ring and GM Aur (a
transition disk) shows a bright central peak. Thus, in disks
without a dust cavity, an emission depression in the inner tens
of au does seem to be a common morphology for CN, as
predicted by the models of Cazzoletti et al. (2018). Moreover,
our toy models (Figure 9) show that the bright, compact
emission features seen toward our sample are readily explained
by the availability of FUV (<105 nm) photons that form H.
Thus, in general our observations support that this chemistry is
important for CN formation in the inner ~150 au.

However, in all five disks we also observe a weaker, more
diffuse CN emission component beyond the bright inner
component. This component extends to ~600 au in all disks
except the relatively compact disk AS 209, in which case CN
still exhibits the largest radial extent of any molecule except
CO (MAPS III; Law et al. 2021a). It is unlikely that the same
HX-driven chemistry can explain this extended CN emission
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Figure 9. Toy disk modeling results showing the distribution of total UV flux (top row) and the flux within the wavelength bins 91-105 nm (i.e., CN formation via
FUV pumping of H,; middle row) and 113-150 nm (HCN selective photodissociation; bottom row). Contour levels correspond to 10%, 10", 10", and 10" photons
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component, given that observations show UV-fluorescent H,
emission only from the inner disk (e.g., France et al. 2012;
Arulanantham et al. 2020). A separate CN formation pathway
(or multiple pathways) operating in conditions of low density
and moderate UV flux (perhaps with a broader range of
wavelengths than the H3-driven chemistry) is likely needed to
explain the diffuse outer emission shelf. Further modeling work
is needed to explore what chemistry is responsible for the
diffuse CN component, as well as the role of external versus
stellar UV in driving its formation.

5.2. CN-emitting Layer

The models of Cazzoletti et al. (2018) and Visser et al.
(2018) predict that CN formation should peak at altitudes of z/r
~0.2-0.4. Teague & Loomis (2020) similarly infer that CN
emits from z/r > 0.2 in the TW Hya disk. From our toy models
(Figure 9), we see that the elevation range z/r=0.2-0.4
coincides with the disk regions with high UV fluxes, including
the FUV wavelengths required for H3 formation. The CN
rotational temperature in the joint N =2-1 and 1-0 fitting for
HD 163296 provides an additional constraint on the CN-
emitting layer. The temperature profile we derived indicates
that CN emits from a slightly cooler layer compared to '*CO
(Figure 11). The "*CO emission surface in the MAPS disks
ranges from z/r=0.2 to 0.5 (MAPS IV; Law et al. 2021b),
again consistent with a CN emission surface of z/r =0.2-0.4.
Note, however, that the lower CN rotational temperature
beyond ~200 au coincides with the diffuse emission shelf seen
in the column density profile. This likely corresponds to a
different formation chemistry than the H3-driven formation in
the inner disk (Section 5.1) and may correspondingly emit from
a lower elevation. At least in the inner ~200 au, however, it
appears that the CN emission surface is higher than the HCN
surface, which is consistent with a z/r ~ 0.1 (MAPS IV; Law
et al. 2021b). This vertical stratification agrees with model
predictions that HCN should exist in more UV-shielded disk

. Dotted gray lines mark elevations with z/r = 0.2 and 0.4 for reference.
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regions compared to CN (e.g., Aikawa & Herbst 1999; van
Zadelhoff et al. 2003; Fogel et al. 2011).

In Figure 8, we showed that the CN rotational temperatures
in HD 163296 appear to increase near the dust rings around
170 and 320 au. A possible explanation for this is that the
increase in UV opacity at radii with dust overdensities pushes
the CN formation layer to higher (and warmer) disk regions.
From Figure 5, the CN column density profiles do not exhibit a
clear response to the presence of these rings, indicating that the
chemistry proceeds with a similar efficiency in the more
elevated layer. Constraints on the CN emission surface are
needed to determine whether this effect is real, or whether the
correspondence between rotational temperature peaks and dust
rings is coincidental.

5.3. Radial Trends in CN and HCN Column Densities

It is of great interest to understand whether chemical
substructures identified in protoplanetary disks are connected
to the dust substructures (see MAPS III, Law et al. 2021a). In
the case of CN and HCN, variations in the dust distribution
would be expected to matter primarily if they cause local
perturbations to the UV field. In Section 3.4, we showed that
millimeter dust gaps and rings often (but not always) appear
coincident with peaks and troughs, respectively, in the CN/
HCN ratio (Figure 5).

The association of multiple millimeter gaps with enhanced
CN/HCN ratios in our sample is consistent with a scenario in
which a diminished dust population promotes UV penetration
within the gap (e.g., Alarcén et al. 2020), driving the
production of CN and/or the destruction of HCN. Correspond-
ingly, dust overdensities at millimeter ring positions should
inhibit UV penetration, either suppressing CN formation or
pushing it to a higher disk elevation, while inhibiting HCN
photodissociation. The fact that this association is identified for
some millimeter features but is not universal could reflect the
varying properties of different dust gaps and rings, translating
to different impacts on the UV photochemistry. Indeed,
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different gap-opening mechanisms are predicted to have
varying effects on the distributions of gas and small and large
dust grains (e.g., Dong et al. 2015; Rosotti et al. 2016; Pinilla
et al. 2017). We also note that CN emission substructures may
be unresolved at the spatial resolution used for this analysis
(0”3), and higher-resolution CN observations are needed to
more quantitatively compare the CN/HCN substructure
positions and contrasts with the analogous dust properties. If
the degree of CN/HCN perturbation is indeed sensitive to dust
substructure characteristics such as contrast and vertical extent,
then the CN/HCN ratio may ultimately be a useful tool in
inferring the distribution of solids within rings and gaps.

NIR rings are not consistently associated with features in the
CN/HCN ratio (Figure 13). The lack of a clear correspondence
between NIR rings and the CN/HCN ratio could be related to
the relatively low contrast of many features detected in the
NIR. In this case, small enhancements to the small dust
population may simply push CN production to slightly higher
disk layers without strongly impacting the column density. As
shown in Section 5.2, this is supported by the CN rotational
temperature profile derived for HD 163296. Good constraints
on the CN rotational temperatures and emitting layers in
additional sources are needed to confirm whether shifts in the
CN formation layer can indeed explain the lack of clear
relationship between NIR rings and the CN/HCN ratio.

In addition to the coincidence between some millimeter dust
gaps and rings with CN/HCN peaks and troughs, respectively,
the variation in CN/HCN ratio from the inner disk to the outer
disk provides further evidence that the dust population plays an
important role in regulating the CN and HCN chemistries. The
radial CN/HCN ratios presented in Figure 4 increase by ~2
orders of magnitude with increasing radius in the MAPS disks.
This is likely related to enhanced UV penetration in the lower-
density, less shielded outer disk, which will result in selective
photodissociation of HCN over CN. Indeed, an increase in the
CN/HCN column density ratio in the outer disk is a common
outcome of disk chemistry models (e.g Aikawa et al. 2002;
Jonkheid et al. 2007). The radial CN/HCN ratio may therefore
be a useful indicator of the UV penetration at a given location
in the disk.

5.4. CN and HCN Trends across the Disk Sample

Previous disk chemistry surveys by Kastner et al. (2008),
Salter et al. (2011), and Oberg et al. (2011) have found roughly
constant CN/HCN flux ratios across their disk samples. While
line ratios are subject to optical depth effects, our results using
column density ratios confirm that the peak and average CN/
HCN ratios are consistent within a factor of a few across our
sample (Figure 7). Moreover, our derived CN/HCN ratios
show no trend with stellar UV luminosity, which varies by two
orders of magnitude across the sample. We similarly found no
clear relationship between the bulk disk CN/HCN ratios and
the modeled UV fields (Section 4.3). Thus, while the CN/HCN
ratio appears sensitive to changes in the physical environment
within a given disk (Section 5.3), it is not a useful metric of the
incident UV flux to the disk.

The CN column densities are similarly consistent across the
disk sample, varying by just factors of a few in Npyax OF Nyyg.
We speculate that the CN column densities are similar even in
disks with very different physical properties because the
underlying chemistry is similar, but the regions where it is
efficient differ. Similarly, morphological differences in CN
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emission across the sample (i.e., the shape and radial extent of
the central CN ring; Figure 2) may reflect that the specific
conditions needed for CN formation chemistry are met in
different radial and vertical regions depending on the source-
specific combination of stellar properties (i.e., luminosity) and
disk properties (i.e., dust density structures). A similar effect
was found to explain the widely varying C,H morphologies
presented in Bergner et al. (2019). Thus, our findings are
consistent with CN formation in a narrow range of physical
conditions, resulting in similar column densities but some
morphological variations across the disk sample.

5.5. Chemical Connection between CN and HCN

We find that the local CN and HCN column densities within
different radial bins trend positively within one another
(Figure 6). Moreover, the column densities from different
disks fall along a similar trend line, such that the local CN
column density can be inferred from the HCN column density.
This indicates that the absolute efficiencies of CN and HCN
formation are connected. Meanwhile, the relative abundance of
CN versus HCN can vary significantly within a disk as a result
of the local disk conditions, e.g., enhanced HCN photodisso-
ciation in UV-exposed regions.

A common dependence on the C/O ratio in the gas could
explain the positive trend between CN and HCN column
densities, as nitrile formation should in general depend on the
availability of free carbon (e.g., Le Gal et al. 2019). Cazzoletti
et al. (2018) find that CN production is only weakly sensitive to
the C/O ratio; however, this is consistent with the narrow range
in CN column densities observed across our sample. Disk
chemical models that address CN and HCN formation
simultaneously are needed to further explore how the C/O
ratio (and other factors such as UV exposure) impacts the
absolute and relative CN and HCN chemistries.

As noted in Section 5.2, CN seems to emit from a higher
vertical layer than HCN. That CN and HCN column densities
are positively correlated despite emitting from different vertical
layers implies either that dynamical mixing -effectively
connects the different layers or that the conditions required
for nitrile formation (e.g., high C/O) are met across a wide
vertical range within the disk. Such a chemical connection
across different disk layers is intriguing from the standpoint of
understanding the compositions of planet-accreting gas. Further
work is required to explore this finding in more detail, for
instance, testing whether the local column densities of complex
nitriles emitting closer to the midplane (MAPS IX; Ilee et al.
2021) show a similar correlation with the CN and HCN column
densities.

6. Conclusions

As part of the MAPS program, we have analyzed CN and
HCN emission toward five protoplanetary disks in order to
explore the relationship between these small nitriles and the
UV field. Our conclusions are as follows:

1. CN emission exhibits an inner ring for all disks without
an inner dust cavity. GM Aur, a transition disk, instead
shows centrally peaked emission. Toy modeling of the
local UV field indicates that the bright, compact CN
emission component can be explained by the availability
of FUV (<105 nm) photons, which are predicted to drive
CN formation via the production of vibrationally excited
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H, (Cazzoletti et al. 2018). The CN rotational tempera-
tures are also consistent with an elevated CN emission
surface (z/r ~0.2-0.4) as predicted by this framework.

2. All five disks also exhibit a diffuse CN emission
component extending a few hundred au. This component
likely forms through a different pathway than the
HJ-driven chemistry in the inner disk.

3. Despite variation of two orders of magnitude in the stellar
UV luminosity across our disk sample, the peak and
average CN/HCN ratios vary by just a factor of a few.
We conclude that the CN/HCN column density ratio is
not a useful predictor of the incident UV flux from disk
to disk.

4. In all disks, the CN/HCN column density ratio increases
with radius from about unity to 100. This likely reflects
that HCN can be selectively photodissociated by UV
photons (A > 113nm), which will experience less
shielding as dust densities decrease in the outer disk.
The CN/HCN ratio is therefore sensitive to radial
differences in UV penetration within a disk.

5. Many but not all millimeter dust gaps and rings are
associated with, respectively, peaks and troughs in the
CN/HCN column density ratio. This is again consistent
with enhanced HCN destruction in disk regions with
greater UV penetration. Dust substructure properties such
as contrast and vertical extent may dictate the degree to
which the CN/HCN ratio is impacted, and higher-
resolution observations are needed to further explore this
connection.

6. Local CN and HCN column densities exhibit a positive
correlation, possibly due to a common dependence on the
C/O ratio. Given that CN appears to emit from a higher
elevation than HCN, this correlation implies that different
disk vertical layers are chemically linked.

Our findings have several implications for the compositions
of forming planets. First, the robust FUV-driven formation of
CN in the inner ~150 au in the MAPS disks is likely
accompanied by the formation of other strongly photosensitive
species. At these disk radii, we expect planet-accreting gas
from somewhat elevated disk layers to have photochemically
dominated abundance patterns. At larger radii, the increasing
CN/HCN ratio indicates that UV penetration into deeper disk
layers becomes more efficient. Thus, we expect a moderate
photochemistry to influence the molecular layer compositions
at outer disk radii. Additionally, given that the local CN and
HCN column densities are positively correlated despite
emitting from different elevations, the different disk layers
appear chemically linked either through dynamics or through
shared physical/chemical conditions (e.g., C/O ratio). Lastly,
the CN/HCN ratio is >1 at all disk radii in AS 209 and IM Lup
and beyond ~50 au in the remaining MAPS disks, meaning
that CN is the dominant carrier of the prebiotically interesting
nitrile group (e.g., Powner et al. 2009) at most disk radii.

Important unknowns remain in our understanding of CN and
CN/HCN chemistry in disks, including the chemistry respon-
sible for the diffuse outer disk CN emission component, the
impact of C/O on the relative CN and HCN chemistries, and
the relationship between millimeter dust substructure properties
and the CN/HCN ratio. An increased sample size of higher-
sensitivity and higher-S/N observations (readily achievable by
targeting CN N = 3-2 transitions instead of N = 1-0), coupled
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with more sophisticated disk chemistry modeling, is needed to
address these questions.
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Appendix A
Joint CN N =1-0 and N = 2-1 Fitting

Figure 10 shows the moment zero image of the CN N = 2-1
transitions at 226.659 and 226.663 GHz in HD 163296. To
perform joint spectral fitting of the CN N=2-1 and N=1-0
lines, we use a CN N = 1-0 image tapered to a 0”5 resolution
to match the N =2-1 resolution. In 0.2 kms~! channels, the
channel rms of this image cube is 1.4 mJybeam '. We
generated radial spectra in bins 1/4 of the beam size and
assumed a calibration uncertainty of 10% between the two data
sets. We adopted an uninformative prior on the excitation
temperature of 5 K < Tx < 100 K.
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Figure 11 shows the resulting column density and rotational
temperature profiles obtained from the joint N=1-0 and
N =12-1 fitting, overlaid with the fits of the N=1-0 lines
alone. For the latter, we imposed an upper bound on the
rotational temperature that is the minimum between Tco(R) and
60 K. As seen in Figure 11, the '*CO temperature profile
derived in Law et al. (2021b; MAPS 1IV) provides a
conservative upper bound to the CN excitation temperature
derived from the joint fit. In the inner 100 au the parametric
CO temperature is not constraining, and the maximum CN
excitation temperature derived in the joint fit (~55 K) is used to
inform the maximum allowed rotational temperature in fitting
the N = 1-0 lines alone. The resulting N = 1-0 column density
profile is in good agreement with the joint fit, considering the
differences in spatial resolution. Importantly, the temperature
profiles between the N = 1-0 and joint fits do not match exactly,
but the similarity in column density profiles demonstrates
that our fitting is robust as long as reasonable upper limits on the
rotational temperature are imposed. We therefore apply the same
priors for fitting CN N =1-0 lines in all disks (Section 3),
adopting the source-specific CO temperature profiles from Law
et al. (2021b). We also impose the same priors for fitting the
HCN J = 3-2 lines. This is a looser constraint compared to the
priors imposed in Guzman et al. (2021; MAPS VI) but results in
very similar HCN column density profiles.
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Figure 10. CN N = 2-1 moment zero map in HD 163296. To better illustrate weak emission features, integrated intensities are shown with a power-law color stretch.

The restoring beam is shown in the lower left corner.
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Figure 11. The column density and excitation temperature profiles in HD 163296 when the CN N = 1-0 hyperfine components are fit alone (gray lines) compared to a
joint fit of the N = 1-0 and 2-1 lines (blue lines). The temperature profile derived from 'CO in Law et al. (2021b; MAPS IV) is shown as a gold line.
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Appendix B
Rotational Temperature and Optical Depth Profiles

The rotational temperature and optical depth profiles derived
from hyperfine fitting in Section 3 are shown for CN and HCN
in Figure 12. The rotational temperatures are generally not well
constrained since all hyperfine lines of a given rotational level
have the same upper-state energy. However, uncertainties in

IM Lup GM Aur

AS 209
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the rotational temperature do not strongly impact the resulting
column density profiles (Appendix A). We find that the main
CN hyperfine component (113.491 GHz) is moderately
optically thick (1 < 7 < 10) at some radii but largely optically
thin. The main HCN hyperfine component (265.8865 GHz) is
very optically thick (7 > 10) for tens of au in all disks except
IM Lup.
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Figure 12. CN and HCN rotational temperature (blue) and optical depth (gray) profiles derived from hyperfine fitting. 7 is shown for the main hyperfine component
(i.e., 113.491 GHz for CN and 265.8865 for HCN). Shaded regions represent the 16th—84th percentiles of the fit posteriors, and solid lines represent the median. 7 = 1

is marked with dotted horizontal lines.

15



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:11 (17pp), 2021 November

Appendix C
Comparison to NIR Features

Figure 13 shows the CN and CN/HCN column density
profiles, with NIR ring locations overplotted, for the three
MAPS disks where NIR features have been reported.
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Figure 13. Normalized column density profiles of CN and CN/HCN (pink and blue lines, respectively), with NIR ring locations overplotted (green). NIR features are
taken from Monnier et al. (2017), Avenhaus et al. (2018), and Rich et al. (2020). Horizontal black lines show the restoring beam FWHM of the line data.
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