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ABSTRACT

Context. Investigating the vertical distribution of molecular content in protoplanetary disks remains difficult in most disks mildly
inclined along the line of sight. In contrast, edge-on disks provide a direct (tomographic) view of the 2D molecular brightness.

Aims. We study the radial and vertical molecular distribution as well as the gas temperature and density by observing the Keplerian
edge-on disk surrounding the Flying Saucer, a Class II object located in Ophiuchus.

Methods. We used new and archival ALMA data to perform a tomography of '>CO, '*CO, C'®0, CN, HCN, CS, H,CO, c-C;H,,
N,D*, DCN, and '*CS. We analyzed molecular tomographies and modeled data using the radiative transfer code DISKFIT.

Results. We directly measured the altitude above the mid-plane for each observed species. For the first time, we unambigu-
ously demonstrate the presence of a common molecular layer and measure its thickness. Most molecules are located at the same
altitude versus radius. Beyond CO, as predicted by chemical models, the CN emission traces the upper boundary of the molec-
ular layer, whereas the deuterated species (DCN and N,D*) reside below one scale height. Our best fits from DISKFIT show
that most observed transitions in the molecular layer are thermalized because their excitation temperature is the same, around
~17-20K.

Conclusions. These long-integration observations clearly reveal a molecular layer predominantly located around one to two scale
heights at a temperature above the CO freeze-out temperature. The deuterated molecules are closer to the mid-plane, and N,D* may
be a good proxy for the CO snowline. Some molecules, such as CN and H,CO, are likely influenced by the disk environment, at
least beyond the millimeter dust disk radius. The direct observation of the molecular stratification opens the door to detailed chemical
modeling in a disk that appears representative of T Tauri disks.

Key words. astrochemistry — line: profiles — protoplanetary disks — ISM: abundances — radio lines: planetary systems —
ISM: individual objects: Flying Saucer
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1. Introduction

Studying the gas and dust content of protoplanetary disks orbit-
ing young low-mass stars is fundamental to unveiling the early
phases of planet formation (Oberg et al. 2023). After low and
moderate angular resolution studies revealed the inventory of
the most abundant molecules (e.g., CO, HCO*, CN, HCN, CS,
C,H, and H,CO) in T Tauri disks (e.g., Guilloteau et al. 2016b),
the view of these gas-rich planet-forming disks has drastically
improved thanks to the Atacama Large millimetre/submillimetre
Array (ALMA). MAPS, the large program Molecules with
ALMA at Planet-forming Scales (Oberg et al. 2021), studied the
gas content of five large, relatively warm disks orbiting T Tauri
and Herbig Ae stars, unveiling radial structures and allowing for
more detailed analysis of chemistry (e.g., Guzman et al. 2021;
Oberg et al. 2023) and direct probing of the gas temperature
(Law et al. 2021; Zhang et al. 2021).

The inclination of a disk with respect to the line of sight is
an important parameter. Pole-on disks, such as that of TW Hya,
allow detailed investigations of the gas and dust radial distribu-
tion (e.g., Teague et al. 2018; Andrews et al. 2012; Huang et al.
2018; Macias et al. 2021) but do not constrain the altitude at
which the molecules reside inside the disk. For inclined disks,
the situation is more favorable thanks to the Keplerian gradient
(Dartois et al. 2003; Pinte et al. 2018), and their analysis provide
very interesting results on the molecular chemistry (Bergin et al.
2016; Semenov et al. 2018; Guzman et al. 2021; Kashyap et al.
2024). Recent papers using more sensitive ALMA observations
and upgraded methods have improved our knowledge on the
understanding of the stratification of the vertical molecular layer
(e.g., Paneque-Carrefio et al. 2022; Law et al. 2023; Paneque-
Carrefio et al. 2023; Hernandez-Vera et al. 2024; Law et al.
2024; Paneque-Carrefio et al. 2024; Keyte et al. 2024; Urbina
et al. 2024; Temmink et al. 2025). Nevertheless, the accuracy
obtained still strongly varies with radius because the intensity
decreases with radius (>50-100 au) and the sensitivity becomes
limited. While the altitude of the emitting layer can be esti-
mated, this is not the case for the vertical width of the molecular
layer, particularly for optically thin and moderate opacity lines,
due to combined effects of inclination, density, temperature, and
velocity gradients along the line of sight.

Edge-on disks, in contrast, are ideal targets to reconstruct
the full 2D disk map by using its Keplerian rotation (Dutrey
et al. 2017; Flores et al. 2021). We present new ALMA high
angular resolution observations of the disk of the Flying Saucer
(Grosso et al. 2003; Dutrey et al. 2017; Ruiz-Rodriguez et al.
2021), a Class II disk around a 0.60 Mg T Tauri star (Simon
et al. 2019) located in Ophiuchus. An analysis of the continuum
and CO data obtained in this project was presented in Guilloteau
et al. (2025, hereafter Paper I). This second paper is dedicated to
the first presentation of the extensive molecular dataset focused
on the molecular stratification (based on 25 detected transi-
tions) and contains an accompanying simple but robust analysis.
Forthcoming papers will target molecules of specific interest.

2. Observations
2.1. Source presentation

The edge-on Flying Saucer disk, located in Ophiuchus at ~120
pc, was first imaged in the near-infrared domain by Grosso et al.
(2003). The disk is not perfectly edge-on, and the scattered light
morphology indicates that the southern part is closest to us
(Grosso et al. 2003).
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Using ALMA data from project 2013.1.00387.S at 0.5 res-
olution, Guilloteau et al. (2016a) reported that the dust disk is
settled and close to edge-on (inclination >85°) and that it has
an outer dust radius of ~180 au. They also measured the dust
disk temperature because the emission of the bright CO back-
ground clouds is absorbed by the dust disk (~7 K). Dutrey et al.
(2017) made the first CO and CS tomographies showing their
vertical molecular extent in the Flying Saucer. Ruiz-Rodriguez
et al. (2021) extended this to the analysis of CN emission avail-
able in the same dataset, revealing the relative stratification of
CO, CN, and CS and estimating the excitation conditions in the
outer region (~240 au) from the hyperfine intensity ratios of the
N=2-1 transition.

The low dust and gas mid-plane temperature was confirmed
by Guilloteau et al. (2025) (Paper I) using a higher angular
data continuum and CO observations. Paper I also revealed
the gas radial and vertical temperature gradients and how the
surrounding CO clouds affect the CO emission.

2.2. Observations

In this work, we use the same ALMA Project 2023.1.00907.S
(PIL: O. Denis-Alpizar) as in Paper 1. The project uses one spec-
tral setup in Band 6 and another one in Band 7 and covers a large
number of observed spectral lines (more than 20) at a spatial res-
olution as high as 0.18”. Its spectral resolutions range from 0.040
to 0.2kms™! (see Table A.1). We also included ALMA archival
data from Projects 2013.1.00387 and 2013.2.00163.S that offer
lower resolution observations of complementary spectral lines
(Guilloteau et al. 2016a; Dutrey et al. 2017; Simon et al. 2019).

Observations and data reduction methods have already been
presented in Paper I, and we summarize them in Appendix A.1.
Imaging parameters are described in Appendix A.2.

3. Results from the tomographies and models
3.1. Tomographies

To present a synthetic view, we used the tomographic recon-
struction method of Dutrey et al. (2017) that recovers the 2D
molecular brightness temperature distribution using the velocity
structure (Appendix A.3 presents the method). Figure 1 displays
the tomographies that clearly reveal the vertical stratification of
the molecular emission in the disk. In several cases there is lit-
tle or no emission from the disk mid-plane. Figure 2 shows the
superimposition of the '3CO tomography (in false color) with
those of important molecules such as CN, HCN, CS, H,CO,
DCN, and N,D* (in black contours). The figure clearly reveals
differences in the vertical location of the various molecular emis-
sions. Making cuts through the tomographies illustrates this even
better.

The vertical cuts in tomographies at various radii shown in
Fig. A.l1 reveal that the vertical emission profiles can be well
approximated by two Gaussians, although some top and bot-
tom differences are observed. These profiles were therefore fit
by two Gaussians of the same width that were symmetrically
placed below and above the disk plane for every radii. The inten-
sities of the two Gaussians were kept as free parameters and then
averaged, when needed.

The resulting fits with error bars are given in Fig. 3 and
Figs. A.2—A.4. Fig. 3 shows the altitude and (deconvolved) thick-
ness of the molecular emission. Fig. A.2 shows the radial extent
and intensity. Fig. A.3 presents the south-to-north ratio that is
discussed in Sect. 4.1. The measured widths (Fig. A.4) were



Dutrey, A., et al.: A&A, 704, A33 (2025)

S T e 10
JE 18 = A
® JF Cc70 21 ® Jp CS5-4 .: S
1F = ]
R ;
1t ] 8
5 1r 1r 1r
el IR ] i Jr T | S PRI NS P Srad Jr T [ I N A W S
L e ALl B B e e e
L ac 7 aL = f o a5 13
F o—H,CO 211211 1F 0—H,CO 351768 ® L p—H,CO 218222 ® [ p—H,CO weak ® [ °CsS5-4 bt
Sl Iy 7 = 2o 2 2
oom - 1F <53 1 oo 6
1k 1t == 1t & -
1 1r 1r
S [ 1r T — 1 % g
RIL sl E = B = . —_
PR o 1 VSN T PO o T T o M P11 1 BNl IS [l I N AW WS S PR P Ll S S (e <
e B e e o e e | e e—— °
E 1r 1r 1r 1r 9 1 [
F CN Singles 1F CN 339516 ® [ CN 340008 ® I CN 340019 ® [ CN 340035 ® 2
SOt 1E 1F 1F 1F 442
N2 1E A F + E 3 ] e
< 1r - 1t 1L ) ] ©
12 &2 S L
T 1F © 1t S 10 S 1 o
1F 1F 1F ] [
J Y 3 = oy - - E c
F 3 41F 41 F 4 F 1F -~
[ A S A L] (3t | Bl L | RN (LTI I i ArTTYSI I [SrRT T || W FETIE NN A A PRI |7, ol I S el YT e =
T T I [ [ T Fr e [ ey e e e e — 2.8
L 4 = aL ar aL ] o
F CN 340248 1F CN 340265 ® [ CN 226659 o CN 226874 @ | cn 226892 ® |
@E 1t it 1 40
SR BRI PSP Wirararil LT [ U IPPE I I I [ SO SIS rorwrorsd (PN I ) SUNPIN PP PN IS A
L o o p—
200 F = 2l | = [ + £ .
F DCN 3-2 ® 1P c—CsH, ® JF ND 3-2 ® 1 Continuum
£ 1t 1t ]
100 F dF JE 3
E 1t 1t ]
= = 1 &2 3 e O@ u
0 &= P& ] R ]
—100 f F 1F 1F 3
aa g gile RN e IR L 0 Ly ety T (e o P oS LY Pl ISP B S 7 ] S [ /BN P T PP v e o i T RPN B

0 100 200 300 400 500

Radius (au)

Fig. 1. Tomographic view of the observed spectral lines showing the mean brightness as a function of radius and height (both in au). Original
beam sizes are indicated in the upper-right corner of each panel. CN hyperfine transitions are labeled by their frequency in MHz. Contour levels are
0.5-2 by 0.5, 3-10 by 1, and 12-30 by 2 K (except for the weak para-H,CO line, contour, at 0.25 K only). The panel labeled “CN Singles” shows a
weighted average of three unblended lines at 338 516, 340 008, and 340 019 MHz, which is shown with a contour step of 0.25 K. The continuum at
230 GHz is shown in the bottom-left panel with contour levels 0.1, 0.2, 0.4, 0.8, and 1.2 K.

deconvolved from the appropriate beam size for each line (bot-
tom part of Fig. 3). Comparisons of Fig. A.4 with the bottom
part of Fig. 3 show that the beam impact is small, except for
the low-resolution (0.5””) data where deconvolved widths are in
agreement with those obtained at higher resolution. This clearly
confirms that the thickness of the molecular layer is measured.

3.2. Disk model fitting

While the tomography unveils the geometry, it is not capable of
recovering the intrinsic physical parameters, such as molecular
column densities. To do so, we used the parametric radiative
transfer code DISKFIT (Piétu et al. 2007). Table 1 presents
the best-fit model for each molecule (apart from CN, where
the hyperfine structure allowed for fitting of the 3-2 and 2-1
transitions separately).

The analysis with DISKFIT is intended to provide the main
properties of the 30-200 au region of the disk (where the
dust disk extends), particularly the excitation temperature of the
observed transitions and molecular surface densities. For this
purpose, we adopted a simple Keplerian disk model with power
law radial distributions and sharp edges. All radial quantities

(temperatures, surface densities, scale heights) are power laws in
the form x(r) = xo(r/ry)~%, with r, being the reference radius
taken to be 100 au. The local line width, 6V, was assumed
constant because of limited signal to noise. The model also incor-
porates continuum emission from dust, using the best-fit model
from Paper L.

The molecular level populations are described by rotation
temperatures that only depend on radius. The vertical molecular
density profile is a Gaussian of independent (fit) scale height:

n(r, z) o exp(—(z/H™(r)?).

Each molecule, m, therefore has a different apparent scale height,
H'™(r), that characterizes the vertical location of the bulk emis-
sion of the given molecule. In addition, to represent the lack of
emission near the mid-plane, molecules are absent at all heights
where z < Z; H"(r). For simplicity, here we assumed that Z;
does not depend on r. A graphic representation of the tempera-
ture and density distributions for key molecules is given in Fig. 4.
These approximations do not allow proper representation of the
outer regions (» > 250 au, where the emission reaches the mid-
plane) but are appropriate for the bulk of emission (see Fig. 1).
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Fig. 2. 3CO tomography in false color with superimposition of the
tomographies (black contours) of HCN 4-3, CS 7-6, and CN at
340.348 GHz; p-H,CO at 218.222 GHz; and DCN 3-2 and N,D*
3-2. Contours are in steps of 1.5K for HCN, CS, CN, and p-H,CO;
0.75K for DCN; and 0.375K for N,D*. The gray ellipses indicate the
impact of line width on the effective beam at 80 and 240 au

The apparent scale height and depletion level, Z,;, are derived
to reproduce the vertical brightness distribution, including the
effect of line opacity. For Z; ~ 0.6, most molecules reside around
H™(r), which is thus comparable to the apparent height of the
molecular layer seen in Fig. 3. An exception is CO, because of
the large opacity of the 2—1 transition but also the increase in
temperature in the disk atmosphere. The molecule dependent
scale heights, H™, should not be confused with the hydrostatic
scale height of gas distribution, and Fig. 4 shows that the latter
is about a factor of two smaller than those of CN, HCN, or CS.

For DCN and N,D*, which are located around the mid-
plane in Fig. 1 (and thus required Z; ~ 0), assuming a scale
height of 11 au (in agreement with the mid-plane temperature
of 10 K) does not change the derived surface density within the
current noise level. However, the vertical spread of DCN is best
represented with an H(r) similar to that of the other molecules.

For the temperature, we used the local thermodynamic equi-
librium (LTE) approximation, in which the molecular level
population is controlled by a single temperature (see Piétu et al.
2007, for the interpretation of this temperature). DISKFIT then
solved the radiative transfer equation along any line of sight by
ray tracing while accounting for velocity gradients and the hyper-
fine structure of the spectral lines. Comparison to the data was
made by comparing the interferometric visibilities resulting from
the modeled intensity distribution to the observations.

The minimization was done through a Levenberg-Marquardt
scheme, with multiple restarts (about ten) to avoid secondary
minima. Error bars were taken from the covariance matrix. The
disk orientation, inclination, and rotation velocity were derived
from all strong lines, yielding consistent results (Table B.1).
The kinematics was checked and found to be Keplerian for all
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lines. Line frequencies were taken from the Cologne database
for molecular spectroscopy (CDMS). Details about individual
molecules are given in Appendix B.

Apart from CO, the molecules are vertically concentrated
around a relatively narrow altitude range. Fig. 4 shows that the
best model assuming a vertical temperature gradient (Paper I)
samples temperatures from 15 to 20 K in this altitude range.
Our independently fit isothermal values fall exactly in this range
and are thus representative of the average temperature of the
molecular layer. Moreover, this isothermal assumption does not
significantly affect the derived surface densities because in the
relevant temperature range (15-20 K), the brightness of the
observed transitions in the optically thin regime only depends
weakly on temperature (see Fig. 4 of Dartois et al. 2003). Fig-
ure 5 shows the tomography of the residuals for lines with a
signal-to-noise ratio high enough.

4. Discussion
4.1. Vertical molecular stratification

Molecular layer. Figures 1 and 3 reveal that, with the excep-
tion of 2CO and the deuterated species, all molecules reside in
a well-defined layer at an altitude scaling linearly with radius up
to about 200 au. The spatial resolution biases this altitude below
~70 au because the two disk sides are no longer sufficiently sep-
arated (this bias is much larger for CS 5-4 or ortho-H,CO at
211.211 GHz due to their lower 0.5-0.6" resolution). Figs. 2 and
3 clearly show that the CN emission is more extended than those
of HCN and CS, the latter being closer to the mid-plane. On the
contrary, the DCN and N,D* emissions clearly appear around
the mid-plane.

The existence of such a well defined molecular layer has
been predicted by many models over the last 20 years (e.g.,
Aikawa et al. 2002); see also Dutrey et al. (2014); Oberg et al.
(2023) for reviews). The edge-on geometry provides for the first
time the opportunity to directly measure the geometrical thick-
ness of the molecular layer, as demonstrated in Fig. 3 (see also
Appendix A.3 and Fig. A.4). We find that the deconvolved layer
thickness also scales approximately linearly with the radius.

The DISKFIT results (Table 1) show that part of the disk
mid-plane is devoid of molecules such as CN, CS, HCN, H,CO,
13CO, and C'80. The apparent scale heights of the molecular
distributions at 100 au (H”, Col.4) are all similar (18-20 au),
and there is no molecular emission below the altitude z;(r) =
0.5H(r) for the molecules (including '*CO) except the deuter-
ated species and c-C3H,. Finally, CS and 13CS are located at the
same altitude.

This is the first clear demonstration of a physical molecu-
lar layer that is common to many molecules. The width of the
molecular layer is also properly measured thanks to the edge-on
inclination, with molecular vertical freeze-out likely happening
over a few au. For comparison, Paneque-Carrefio et al. (2023)
reported in their sample of seven inclined TTauri and Herbig Ae
disks a molecular layer located at z/r < 0.15 (see their Figs. 9
and 10). In our case, we clearly find z/r ~ 0.2 inside a radius
of 200 au and z/r =~ 0.15-0.2 beyond for all molecules with
the exception of CO, which is at a higher z/r ~ 0.3, and the
deuterated species, which are at z/r ~ 0.1-0.12.

Molecules near the mid-plane. The emission from N,D*,
DCN, and c-C;3H; is located closer to the mid-plane (Figs. 2
and 3), with the best fits converging toward Z; = 0. Following
Willacy (2007), DCN is formed around ~10 K via ion-molecule
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Fig. 3. Top: altitude A(r) of the molecular layer as a function of radius. The black curve is the HCN(4-3) altitude for comparison. The cyan region
indicates the approximate size of the dust disk. The dotted line corresponds to z/r = 0.2. Bottom: deconvolved thickness of the molecular layer. The
deconvolution has been done assuming Gaussian shapes using the clean beam minor axis since synthesized beams are elongated almost parallel to
the disk plane. The black curve is the HCN(4-3) thickness, for comparison. The cyan bar marks the edge of the dust disk.

reactions. We therefore assumed a temperature of 10K to derive
the column density, checking that this value (consistent with
the mid-plane temperature found in Paper I) does not affect the
other parameters, in particular Z;. We only found a difference in
surface density, Z, of 30%.

Majumdar et al. (2017) and Aikawa et al. (2018) found that
the formation of N,D* is very efficient at low temperatures
when CO is frozen onto grains, and it then becomes enhanced
in the cold mid-plane. Thus N,D* may trace the CO snow line
better than N,H*. Cataldi et al. (2021) reported that the inner
radius of the N,D* column density profile roughly corresponds
to the location of the CO snowline in most sources of project
MAPS (except GM Aur because of a low S/N ratio). In the Flying
Saucer, despite a limited S/N ratio, the N,D* emission coincides
with the location of the hole observed in CO (Figs. 1 and 2) at
radius ~ 200 au.

South-to-north asymmetry. In a flared disk not exactly edge-
on, the nearest side will be seen at a higher inclination angle
that the most distant side. For partially optically thick lines, the
outer (colder) regions will self-absorb the emission coming from

the innermost (warmer) zones. In contrast, the furthest side is
seen more face on, allowing the warmer regions to be directly
seen. Hence, the furthest side should appear warmer. This was
mentioned for the first time by Guilloteau & Dutrey (1998) for
data in DM Tau, and it has since been used in many disks to
recover the full disk orientation. The specific case of edge-on
disks not exactly at 90 degrees is modeled in Dutrey et al. (2017).

A south-to-north asymmetry is exhibited by CO, CS, and
the inner region in HCN (Fig. A.3), which is consistent with
the known disk orientation with a brighter northern side. How-
ever, for molecules with low or moderate opacity, the southern
side appears brighter, at least beyond the dust disk radius in the
150-200 to 300 au range. This is more pronounced at the low-
est opacities (C'80, H,CO) than for CN (and HCN in the outer
part). There is no obvious explanation for this intrinsic asym-
metry. It may result from a difference in the disk illumination
caused, for example, by an unseen disk warp or by an asymme-
try in the external UV field. In this respect, Dutrey et al. (2017)
noted that the Flying Saucer is located on the eastern side of the
p Oph cloud, while most B stars are located on the western side,
thus allowing dense clouds to absorb most of their UV radiation.
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Table 1. Model fitting results.

(1) 2) (3) “) (5) (6) (7 ) 9)
Parameter  Rjn Rout H(T Zg To q 20 p

Molecule (au) (au) (au) (K) cm™? (%)

CO 24 + 1 206 + 4 19.1+£01 071+£036 26.6+0.1 0.28 +0.01 1.7 x 10'7 (4) 1.35 £ 0.03
Bco 22 +1 252 + 1 204+03 056+001 149+06 0.00+0.03 1.55x10% (1) 0.07 +0.07
c'®0 25+9  246+2  [19.5] 0.46 £ 0.13 [17.0] [0.00] 2.16 x 10" (1) 0.23 +£0.03
CN@3-2) 44+4 292+1 193+13 052+001 18.6+0.2 0.46+0.01 1.12x 10" (1) 1.30 +0.01
CN(2-1) 55=%1 292 + 1 181+01 059+0.01 19.6+4.8 0.31+0.01 1.27 x 10™ (1)  1.46 £ 0.01
HCN 34 +1 257+2 211+£01 046+001 17305 -019+002 1.29x10 (1) 2.73+0.03
CS 34+2 253 +1 181+01 063+001 207+01 -0.19+0.12 53x103 () 3.21 £0.02
13¢cs 46 £ 16 205+ 17 [18.7] [0.64] [20.9] [-0.07] 1.02x 102 (1) [3.20]
DCN [5] 3610 170+ 1.9 [0.00] [10.0] [-0.19] 1.58 x 10'2 (1) 2.08 +0.03
N,D* 83+6 243 +13 [19.0] [0.00] [10.0] [-0.06] 8.9x10'°(33) 1.31+042
o-H,CO 106 +2 282+2 [19.0] [0.20] 14.6 £ 0.2  [0.00] 1.44x10"% (1) 1.05+0.06
p-H>CO 134+1 3051 [19.0] [0.20] 124+ 0.3 [0.00] 7.5% 102 (2) 1.45 + 0.02
c-CsH, 581 [300] [19.0] [0.00] 23.8+03 035+005 228x108 (1) 2.77+0.06

Notes. Parameters within brackets were fixed. The physical parameters Ty, H', and X, are referenced at ry = 100 au. The scale height varies as
"2 For the surface density, X, the error is quoted in percent. N,D* and DCN column densities would be ~30% smaller assuming a temperature
of 17 K. Z, mimics the molecular depletion near the mid-plane, with molecules being absent at altitude z < z,(r) = Z; H"(r), where H"(r) is the

scale height of the molecule distribution (Col. 4; see also Fig. 4).

0.5

Relative molecular density
Kinetic Temperature (K)

Height (au)

Fig. 4. Profiles resulting from DISKFIT at 100 au. The green curve is the
temperature profile, and the cyan curves indicate the H, density struc-
ture (thin: under isothermal assumption at the mid-plane temperature
(10 K); thick: using the full temperature profile) that were derived from
the CO analysis by Guilloteau et al. (2025). The other colored curves
are the molecular density profiles for CS (red), HCN (black), CN 2-1
(blue), and 3-2 (magenta) and are based on the parameters from Table 1.
The corresponding horizontal bars indicate the measured temperatures
and the density weighted average height of the emission.

4.2. Radial distribution

The radial distribution can be roughly separated in four parts: an
inner cavity, a first molecular ring, a large gap (in the mid-plane),
and a second molecular ring (or second emission peak) located
beyond the millimeter dust outer radius. The sizes of the cavi-
ties and gaps vary depending on the molecules, and the second
molecular ring is not always seen.

Inner radii. Dutrey et al. (2017) reported an upper limit on a pos-
sible central hole of ~15 au for CO and ~25 au for CS based on
the position-velocity diagrams. This is roughly consistent with
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the values we determined for the CO and CS lines using DISK-
F1T. The continuum does not exhibit a central cavity and is not
optically thick enough to hide molecules with an average dust
opacity of ~0.2 (Paper I). Moreover, the size of the central cav-
ity is slightly larger for CN (~50 au), suggesting that chemical
effects may play a role in creating these inner depressions.

The H,CO and N,D* emissions exhibit very large inner cav-
ities (Table 1 and Fig. A.2). H,CO emission extends from radii
of 130 au to 300 au, i.e., most of the H,CO emission comes from
beyond the dust disk. N,D* emission has an inner radius of 80
au, and its maximum intensity is near the dust disk outer radius
(~200 au), where there is a very large gap in the CO emission.
This large gap is also clearly seen in Fig. 2.

Rings in the molecular layer. In the molecular layer, the radial
distribution of CO emission cannot be simply interpreted due to
confusion with the surrounding clouds (see Paper I for details).
However, the *CO and C!®O emissions, which are essen-
tially free of confusion, peak exactly in the same radius range,
150-180 au.

In contrast, the maximum intensity of the optically thin
13CS 5-4 emission radially coincides with the radial location
of the maximum intensity of the CS 7-6 emission (~120 au,
Fig. A.2). The CN 3-2 and HCN 4-3 emission also peaks at
a radius of ~ 120 au, similar to CS. The DCN emission is promi-
nent at radii of 70-100 au and then 200-220 au. This suggests
the existence of at least two resolved rings (see also Fig. A.2), as
already observed in less inclined disks (e.g., Oberg et al. 2023).
Cataldi et al. (2021) also reported the presence of DCN beyond
the radius of the millimeter dust disk in IM Lupi and GM Aur.
The c-C3H, emission peaks at 70-80 au, similar to the first peak
of the DCN emission. Unlike other species, the HCO emission
exhibits two maxima located beyond a radius of 150 au. The
outer radius of the continuum is at ~ 180 au, and most of the
H,CO emission extends outside of the dust disk.

In conclusion, with the exception of CO lines, there are
at least two bright molecular areas. One is in an inner region
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Fig. 5. Tomographies of the residuals of the DISKFIT models. For each line, the best-fit model visibilities are subtracted from the observed ones
and imaged as done for observations. The tomographic method is then applied on these residual data cubes. Contour spacings are 0.5 K.

extending from about 50 to 150 au, and the second is in an outer
ring (secondary emission peak) peaking beyond the millimeter
dust outer radius at 200-220 au (see also Fig. 2).

4.3. Temperature in the molecular layer

Table 1 shows that the temperature in the molecular layer is
about 17-20 K. '3CO is partially optically thick and provides
a temperature measurement in the radius range 150-200 au. Our
vertically isothermal analysis provides results in excellent agree-
ment with those obtained in Paper I with a temperature model
that follows the vertical prescription by Dutrey et al. (2017). This
justifies our simplified assumption with only '2CO probing the
uppermost layers. This is also clearly demonstrated by Fig. 4,
which compares the average temperature derived from this paper
with the temperature derived from CO using the more physical
description of Paper I.

The derived temperature is always slightly above the CO
freeze-out temperature of 17 K (Qi et al. 2013, although there
are variations on the exact value for the CO freeze-out tempera-
ture, e.g., Qi et al. 2019). Nevertheless, the derived temperature
can be considered as representative of the gas temperature in
the bulk of the molecular layer. Similarly, Foucher et al. (2025)
reported, for the molecular layer of the cold edge-on disk of SST-
Tau 042021, a temperature (derived from CO and 3CO ALMA

data) that is also almost radially constant and also slightly above
the CO freeze-out temperature of 17 K.

Radial dependence. The temperature also appears almost
constant in the radius range 50-200 au. The value of exponent
q is close to zero for the CS, HCN, and CO isotopologues. Our
dual line analysis (J=5-4 and J=7-6) of CS yielded a tempera-
ture that is in excellent agreement with that found by Dutrey et al.
(2017) based only on the transition of 5—4.

The case of CN. For CN, we were able to measure the
temperature independently for each transition thanks to the
hyperfine structure that directly constrains the line opacities (see
Appendix B for details). The same value of 19-20 K was found
for the N=2-1 and N=3-2 transitions. Ruiz-Rodriguez et al.
(2021) used the same CN 2-1 data at a 0.5” resolution to derive
the temperature in the outer disk, beyond 210 au, and found T =
12 K in the mid-plane. Although our model is based on measure-
ments at smaller radii, our extrapolated value at 250 au is ~13 K.

4.4. Surface density in the molecular layer

The CO isotopologues show flat surface density profiles (p =~
0). The '*CO/C'™O ratio of approximately eight, which is
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consistent with the local elemental isotopic ratios (Wilson &
Rood 1994), suggests a relatively limited impact of selective
photo-dissociation and fractionation in the molecular layer for
CO (Langer et al. 1980; Miotello et al. 2014). The derived
CS/'3CS ratio of about 50 also excludes strong fractionation
in this molecule (Wilson & Rood 1994; Rodriguez-Baras et al.
2021).

The HCN, CS, and c-C3H; lines exhibit a steep decline with
radius (exponent p). This may be due in part to excitation con-
ditions, at least for CS and HCN. The surface densities of CN
and H,CO have an intermediate behavior (p ~ 1.5) since their
emission extends beyond the radius of the dust disk. This may
be related to significant changes in chemistry and illumination.
The CN surface density, ~1.2 - 10'*cm™ at radius 100 au, and
the CN/HCN ratio (~10) are also similar to the values quoted by
Bergner et al. (2021) in IM Lupi and GM Aur.

Finally, we compared the results from Table 1 with the sur-
face densities derived from 30 T Tauri disks by Guilloteau et al.
(2016a). This comparison clearly shows that the Flying Saucer
disk exhibits gas properties representative of those of T Tauri
disks.

4.5. Departure from a simple model

Figure 5 shows the tomographies of the residual emission after
subtraction of our best-fit DISKFIT model from the data. The
CO emission cannot be discussed in a simple manner due to the
confusion of the CO cloud. 3CO is also affected to some extent,
which may partially explain its anomalous south-north intensity
ratio. However, other molecules are free of confusion. Beyond
200 au, CN, HCN, CS, and to a lesser extent '*CO clearly exhibit
emission close to the disk mid-plane from the outer ring. As our
disk model assumes the emission height varies as a power law, it
is unable to properly represent the regions beyond about 200 au,
where the altitude of the molecular layer starts decreasing (see
Fig. 3).

These residuals also reveal that CN appears more extended
vertically than in our simple model, with significant residuals
above the common molecular layer. Such residuals are much
fainter in HCN, although fit results in Table 1 do not indicate
significant differences in the altitude of CN and HCN. This indi-
cates that CN, although predominantly located in the molecular
layer, extends to higher altitudes, as expected because of its sen-
sitivity to UV radiation. A more complex approach is needed
to quantify this behavior. CS displays an intermediate behavior
between CN and HCN in this respect. The H,CO location is also
different than our simple assumption, being more extended both
vertically and radially. These residuals indicate that our assumed
vertical profiles, displayed in Fig. 4, may require a more pro-
nounced tail at high altitudes instead of our assumed Gaussian
drop-off.

5. Conclusion and perspectives

For the first time, we clearly show that most molecules (apart
from the deuterated species) reside in a common molecular layer,
and we were able to measure its geometrical thickness. Fur-
thermore, the transition between the depleted mid-plane and
the lower edge of this layer seems to occur over a few au (see
Fig. 4). This unique dataset provides new insights that deserve
more sophisticated thermo-chemical modeling in order to be
understood, as illustrated by Figs. 1 and 5. We emphasize some
important points here.
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— We find that the molecular layer is at z/r ~ 0.2, which is
larger than in the sample studied by Paneque-Carrefio et al.
(2023) (z/r < 0.15). This difference is perhaps due to the
lower disk temperature, as the central star is of lower mass
than in their sample. This needs to be confirmed by studying
other edge-on disks;

— The molecular layer has a relatively shallow radial tempera-
ture profile, ~17-20 K at radius 100 au, only slightly above
the CO freeze-out temperature;

— As predicted by astrochemical models (e.g., Aikawa et al.
2018), the deuterated species are clearly located closer to
the mid-plane, but they are likely at a lower altitude than
estimated for TW Hydra (Romero-Mirza et al. 2023). N,D*
emission has a low S/N ratio, but its extent suggests that
N,D* may be a good tracer of the CO snowline. Comparing
N,H* and N,D* distributions would be invaluable;

— As visible from Figs.5 and A.1, although CN has a scale
height similar to the other molecules, the CN layer appears
slightly more vertically extended than most of the other
molecules except for CO (see also Paneque-Carrefio et al.
2022), probably because of its sensitivity to UV radiation
(Cazzoletti et al. 2018; Nomura et al. 2021; Ruaud 2021).
Yoshida et al. (2024) and Paneque-Carrefio et al. (2023)
observed the same behavior in the case of TW Hydra and
Elias 2-27, respectively. For Elias 2-27, the behavior appears
compatible with predictions from thermo-chemical models.
Large CN radial extents (in part beyond millimeter dust
disks) have also been seen by Bergner et al. (2021) for the
five sources of the MAPS project;

— The H,CO distribution has a large central cavity and peaks
beyond the dust disk edge, a situation similar to that found
by Guzmén et al. (2021); Herndndez-Vera et al. (2024) for
AS 209, HD 163296, and IM Lupi. The ortho-para ratio is
around two and consistent with the low temperature of 12—
14 K. The different slopes (p) indicate that this ratio may
increase with radius. This may reflect the formation of H,CO
by two different routes: a cold formation path on grain sur-
faces (Fayolle et al. 2016) and a gas-phase path, such as for
DM Tau (Loomis et al. 2015);

— The c-C3H; emission steeply decreases with radius, such as
for 13CS, but appears somewhat below the molecular layer.
The latter point is also reported by Paneque-Carrefio et al.
(2023) in the case of the warmer disk of HD 163296;

— Finally, several molecular emissions have a secondary emis-
sion peak or outer ring beyond the millimeter dust outer
radius, suggesting that photo-desorption may play an impor-
tant role for many molecules to replenish the gas phase in
cold disks around T Tauri stars.

These points clearly deserve deeper observational and model
studies to confirm the observed behaviors on more sources in
different molecules.
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