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Molecules with ALMA at Planet-forming Scales 

- ALMA Large Program to survey chemistry of five discs with signatures of 
on-going planet formation… 

- Four spectral settings across B3 & B6 — 20 species, 40 lines, 130 hrs   

- Targets include simple species up to complex organics 

- Goal: understand the chemistry of planet formation

230 GHz continuum

T Tauri Herbig Ae
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Organic molecules in protoplanetary disks — why? 

- Small organics are some of the main carriers of C, N, O 

- Important to understand the elemental budget in disks 

- Key to linking disk and planet compositions (e.g. C/O)
(Öberg et al. 2011, + many more)
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- Key to linking disk and planet compositions (e.g. C/O)
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- Some organics are useful probes of physical and/or radiative conditions 

- CH3CN ladder is thermometer (Eup ~ 50–150K within ~55 km/s) 

- Molecular ratios can probe local and global UV field variations   
(e.g. Loomis et al. 2018)

- Larger organics are stepping stones to important prebiotic chemistry 

- Nitrile pathways to, e.g., RNA bases, amino acids and proteins
(Powner et al. 2009; Patel et al. 2015; Becker et al. 2019)

(e.g. Dutrey et al. 1997)



MAPS VI 5

Figure 1. 260 GHz dust continuum emission and zeroth-moment maps for the HCN J = 3� 2 and J = 1� 0, C2H N = 3� 2,
N = 1� 0 and H2CO J = 3� 2 lines. All the hyperfine components were included to generate the HCN zeroth-moment map,
while only the brightest hyperfine component is included in the C2H zeroth-moment map. The color is shown with power-law
stretch to enhance the faint emission in the outer disk. The beam is shown in the bottom left corner of each panel.

cause other lines are typically fainter and arise in less elevated disk layers. However, thanks to the higher in-
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The small organics HCN, C2H & H2CO 
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The small organics HCN, C2H & H2CO 

All show diverse 
morphologies: 

- Compact 

- Extended 

- Diffuse 

- Single rings 

- Double rings 

- Peak & shelf 



The small organics HCN, C2H & H2CO: brief highlights 
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the dust continuum gaps, as measured by Law & MAPS
team (2021a ; but see references therein), are marked
by the gray dashed vertical lines in Fig. 6. We only
include the gaps that are resolved at ⇠ 0.001 resolution.
However, several other gaps are seen in higher angular
resolution observations of the dust continuum emission
(Huang et al. 2018, 2020). The peak of the C2H column
density seen toward IM Lup, AS 209, MWC 480, and
the first peak seen toward HD 163296, coincides with
the location of the innermost dust gaps, although the
C2H structures are generally broad compared to the dust
gaps. The second column density peak seen at ⇠ 110 au
toward HD 163296 does not spatially coincide with any
of the dust gaps, revealing that there is not a univer-
sal connection between dust depletion and C2H or HCN
formation. The weak correlation between dust struc-
tures and HCN and C2H chemical substructures could
be due to the HCN and C2H emission arising in disk
elevated layers, which are not always impacted by the
dust millimeter substructure that trace the midplane.
Moreover, recent studies have shown that the H2 density
seems to be much less altered than the dust inside the
dust gaps, and chemical e↵ects play a more important
role in setting molecular abundances (e.g., Teague et al.
2018b; Alarcón & MAPS team 2021; Zhang & MAPS
team 2021).
If photochemistry drives the formation of HCN and

C2H, we could also expect to see enhanced emission in
the outer disk where the gas density starts to drop allow-
ing UV photons to penetrate the disk. The flaring of the
outer disk could also help to capture more UV photons
from the star. Although the HCN and C2H emission
is compact compared to H2CO, some faint emission is
indeed detected at large radii, far beyond the dust mil-
limeter edge in IM Lup, GM Aur, and HD 163296. As
an example, Fig. 7 shows radial structures seen in the
tapered images for HD 163296, the disk that presents
the most substructure in molecular line emission. A
power-law stretch was used in the y-axis, to enhance the
low-S/N structure seen in the outer disk. A faint ring
that is seen in both HCN and C2H near 400 au is also
seen in CN (Bergner & MAPS team 2021). The ring
is not clearly seen in H2CO in the radial profile, but
a ring structure is visible at large radii in the zeroth-
moment map, in particular along the disk minor axis
(see Fig. 1). No millimeter dust grains are present at
these larger radii, but small dust grains are present, as
suggested by scattered light images (e.g., Monnier et al.
2017; Avenhaus et al. 2018; Rich et al. 2020). A small
dust grain population is also present in the disk ele-
vated layers where HCN and C2H emission seems to
arise. This small grain population is likely regulating

the HCN and C2H chemistry. An increased amount of
UV photons will also contribute to enhanced HCN de-
struction in the outer disk. Indeed, Bergner & MAPS
team (2021) find an increasing CN/HCN profile with
radius, indicative of increased HCN photodissociation
relative to CN in the lower-density outer disk (see also
Guzmán et al. 2015). All this suggests that an active
photochemistry is at play in the outer disk beyond the
millimeter dust emission around HD 163296. Even so,
as mentioned in the previous section, the C/O ratio in
the gas may still be more important than UV exposure
for the formation of HCN and C2H in the outer disk.

5.4. Links to planet formation

Several e↵orts have been made in recent years to find
planets forming in protoplanetary disks. The presence
of several planets has been proposed to explain the gaps
seen in the dust continuum emission and the deviation
from Keplerian rotation in CO observed in a few disks,
including HD 163296 (Teague et al. 2018a; Pinte et al.
2018b, 2020; Teague &MAPS team 2021) and MWC 480
(Teague & MAPS team 2021). While dust depletion in
the midplane can be inferred from the millimeter dust
continuum observations, it has been harder to infer the
gaps are also depleted in gas, since all millimeter lines,
including CO isotopologues, may reflect chemistry vari-
ations rather than true gas density variations. Indeed,
chemistry has a nonlinear response to gas density. See
Rab et al. (2020) for detailed thermochemical model-
ing of HD 163296 in particular. Here, we compare the
locations of the planets proposed for HD 163296 and

Figure 7. Deprojected radial profiles of the HCN, C2H,
and H2CO 3 � 2 lines toward HD 163296. The profiles are
computed from the tapered 0.003 images. The dashed vertical
lines mark the position of the putative planets at 83, 137,
and 230 au (Teague et al. 2018a; Pinte et al. 2018b).

Teague et all. 2018  
Pinte et al. 2018

HD 163296

• Probes of gas substructures
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Figure 6. Normalized column density profiles for HCN, C2H, (top) and H2CO (bottom). For comparison, the CO column
density profiles are shown in gray (Zhang & MAPS team 2021). The vertical dashed lines show the position of the gaps seen in
the dust continuum as measured by Law & MAPS team (2021a). The light blue vertical lines mark the estimated location of
the CO snowline (Zhang & MAPS team 2021). The light gray vertical lines mark the edge of the millimeter dust disk.

bined with the emission heights estimated by Law &
MAPS team (2021b) of z/r . 0.1, suggest that the
HCN emission arises in vertically deeper and colder lay-
ers than C2H.
For IM Lup and GMAur, the Tex of C2H and HCN are

very similar, which suggests that their emission arises
from similar disk layers. However, given our uncertain-
ties, we cannot rule out a vertical stratification. Indeed,
detailed chemical models of IM Lup suggest that HCN
arises in deeper layers compared to C2H. (Cleeves et al.
2018). Finally, it is worth mentioning that the C2H ex-
citation temperature is lower for the colder disks around
T Tauri stars, which show fewer substructures compared
to the disks around Herbig Ae stars. This could be due
to intrinsic lower gas temperatures or to small-scale sub-
structure not resolved in our observations.

5.2. Comparison to CO column densities

CO is widely used to trace the gas in disks because
H2 does not have strong transitions in the low temper-
ature range that characterizes disks. Thus, we compare
the column density profiles of the small organics with
that of CO. Figure 6 shows the normalized column den-
sity profiles of HCN, C2H, and H2CO, as well as the
CO column densities derived from the C18O 2–1 line by
Zhang & MAPS team (2021). In general, the HCN and
CO column densities tend to be more centrally peaked
than that of C2H, suggestive of an active warm cyanide
chemistry in the inner disk. In the outer disk, HCN and
C2H show similar radial distributions up to ⇠ 150 au,
where the C2H column density starts to drop faster than

HCN and CO. There is notably good spatial correla-
tion between the profiles toward HD 163296 between
50 < r < 150 au.
In general, the HCN and CO column densities corre-

late well, except in AS 209, where significant di↵erences
are observed. In particular, an anticorrelation is ob-
served between CO and both HCN and C2H. Alarcón
& MAPS team (2021) used chemical models to inves-
tigate the gas structure in AS 209, and showed that
this anticorrelation can be explained by CO chemical
processing, which produces a decrease in the CO abun-
dance and an elevated C/O ratio (> 2) in the gas that
boosts the formation of C2H. Bosman & MAPS team
(2021a) also found that elevated C/O ratios (⇠ 2) are
needed to explain the observed C2H column densities for
AS 209, MWC 480, and HD 163296. C2H is therefore
very sensitive to the gas-phase C/O abundance ratio in
the disk atmosphere (Bergin et al. 2016; Cleeves et al.
2018; Miotello et al. 2019).

5.3. Photochemistry of HCN and C2H

If the formation of HCN and C2H is the result of a
UV-dominated chemistry, we might expect to see en-
hanced column densities inside the dust gaps. The de-
pletion of millimeter dust at these locations should al-
low the deeper penetration of UV photons, and thus
e�cient formation of C2H and HCN. However, the pen-
etration of UV photons will also depend on the geometry
of the source (for example, the flaring of the disk). It
is nevertheless worth comparing the structures observed
in mm dust and molecular emission. The position of

• Probes of gas substructures
• HCN column peaks in inner disk 
→ active warm cyanide chemistry

The small organics HCN, C2H & H2CO: brief highlights 
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• Probes of gas substructures
• HCN column peaks in inner disk 
→ active warm cyanide chemistry

• High mass of organics within 50au 
(1—2% of total H2O) 16 Guzmán et al.

Table 3. Small organic reservoir in the inner 50 au.

Gas Mass Gas+ice mass w.r.t. H2O ice
†

Source HCN C2H H2CO HCN C2H H2CO

(1022 g) (1022 g) (1022 g) (% H2O) (% H2O) (% H2O)

IM Lup 0.03 0.05 0.20 < 0.001 < 0.001 0.001

GM Aur 19.63 2.04 0.79 0.56 0.06 0.02

AS 209 1.99 3.27 0.15 1.09 1.80 0.08

HD 163296 46.36 6.03 0.24 0.68 0.09 0.004

MWC 480 59.92 2.17 1.21 0.45 0.02 0.01
† Assuming an ice-to-gas ratio of 1000

pathway (7). This could happen if nonthermal desorp-
tion of H2CO ices is not e�cient and H2CO remains
frozen onto dust grains. In this scenario, the emission
would arise in more elevated and warmer disk layers.
Although chemical models have shown that pure gas-
phase chemistry cannot account for the observed H2CO
abundances in the outer disk around DM Tau (Loomis
et al. 2015), observations of edge-on Class I disks have
shown that H2CO emission arises in the warmer sur-
face layers, as revealed by X-shaped patterns in their
zeroth-moment maps (Podio et al. 2020; van’t Ho↵ et al.
2020). These observations, however, targeted the H2CO
312 � 211 line which has a relatively large upper-level
energy of ⇠ 33 K, and is therefore more sensitive to the
warmer elevated disk layers. Lower-energy lines could
trace colder gas present at intermediate disk layers. In
order to confirm the origin of the H2CO emission, multi-
line observations are needed (e.g., Pegues et al. 2020).
The results toward Class II disks found by Pegues et al.
(2020) suggest a possible trend between the location of
the H2CO emitting layer and the age of the disk, or
perhaps a di↵erence between disks around T Tauri and
Herbig stars. Future multi-line observations toward a
larger sample of disks with a consistent set of lines may
help to elucidate whether this trend is real.

5.6. Small organics reservoir in the inner 50 au

We can estimate the amount of HCN, C2H, and H2CO
present in the inner disk regions. The gas masses within
50 au are listed in Table 3. Because of the uncertainties
of the fit in the inner disk, we extrapolated the col-
umn density profiles inward, assuming a constant col-
umn density starting from the radius where we obtain a
good fit (see Fig. 4). This means that the HCN masses
estimated for GM Aur, HD 163296, and MWC 480,
which tend to have centrally peaked N profiles, could
be larger than what we have estimated here. The to-
tal amount of HCN, C2H, and H2CO is, however, much
larger because a large fraction of the organic reservoir is

expected to reside in icy mantles. Indeed, as discussed
before, the emission of these small organics arises in disk
layers with temperatures of 20� 60 K, which are lower
than the freeze-out temperature of these molecules. As-
suming a conservative ice-to-gas ratio of 1000 (these ra-
tios could be larger, as discussed in Öberg & MAPS
team 2021), we find a large amount (1023 � 1026 g) of
gas phase plus ice mantle HCN, C2H, and H2CO in the
inner disks. Interestingly, the relative amounts of these
organics varies between the disks. For example, H2CO
is ⇠ 5 times more abundant than HCN and C2H in
IM Lup, while H2CO is less abundant than HCN and
C2H in the rest of the disks. HCN is more abundant
(by a factor ⇠ 10 � 50) than both C2H and H2CO in
GM Aur, HD 163296, and MWC 480, and AS 209 has a
slightly larger C2H mass than HCN.
We can also compare the amount of organics with re-

spect to water ice in these disks. The total water mass
inside 50 au was estimated from the models presented in
Zhang & MAPS team (2021), and are listed in Table 1
of Öberg & MAPS team (2021). The abundance of to-
tal gas and ice HCN, C2H, and H2CO relative to water
are listed in the right columns of Table 3. The fractions
range from 0.5% to 1.1% and 0.02% to 1.8% for HCN
and C2H, respectively, not taking into account IM Lup,
which has much lower organic fractions of < 0.001%.
The fractions for H2CO are lower, ranging from 0.001%
to 0.08%. Typical abundances with respect to water in
cometary ices range from 0.1% to 0.6% for HCN and
from 0.1 � 1% for H2CO (Mumma & Charnley 2011),
which are consistent with our organic fraction estimates.
The MAPS disks are therefore rich in organic species,

suggesting that future comets formed in these disks
could e�ciently deliver water and other key organics to
rocky planets forming in the inner disk.

6. CONCLUSIONS

We have presented spatially resolved observations of
the small organics HCN, C2H, and H2CO toward a sam-
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line observations are needed (e.g., Pegues et al. 2020).
The results toward Class II disks found by Pegues et al.
(2020) suggest a possible trend between the location of
the H2CO emitting layer and the age of the disk, or
perhaps a di↵erence between disks around T Tauri and
Herbig stars. Future multi-line observations toward a
larger sample of disks with a consistent set of lines may
help to elucidate whether this trend is real.

5.6. Small organics reservoir in the inner 50 au

We can estimate the amount of HCN, C2H, and H2CO
present in the inner disk regions. The gas masses within
50 au are listed in Table 3. Because of the uncertainties
of the fit in the inner disk, we extrapolated the col-
umn density profiles inward, assuming a constant col-
umn density starting from the radius where we obtain a
good fit (see Fig. 4). This means that the HCN masses
estimated for GM Aur, HD 163296, and MWC 480,
which tend to have centrally peaked N profiles, could
be larger than what we have estimated here. The to-
tal amount of HCN, C2H, and H2CO is, however, much
larger because a large fraction of the organic reservoir is

expected to reside in icy mantles. Indeed, as discussed
before, the emission of these small organics arises in disk
layers with temperatures of 20� 60 K, which are lower
than the freeze-out temperature of these molecules. As-
suming a conservative ice-to-gas ratio of 1000 (these ra-
tios could be larger, as discussed in Öberg & MAPS
team 2021), we find a large amount (1023 � 1026 g) of
gas phase plus ice mantle HCN, C2H, and H2CO in the
inner disks. Interestingly, the relative amounts of these
organics varies between the disks. For example, H2CO
is ⇠ 5 times more abundant than HCN and C2H in
IM Lup, while H2CO is less abundant than HCN and
C2H in the rest of the disks. HCN is more abundant
(by a factor ⇠ 10 � 50) than both C2H and H2CO in
GM Aur, HD 163296, and MWC 480, and AS 209 has a
slightly larger C2H mass than HCN.
We can also compare the amount of organics with re-

spect to water ice in these disks. The total water mass
inside 50 au was estimated from the models presented in
Zhang & MAPS team (2021), and are listed in Table 1
of Öberg & MAPS team (2021). The abundance of to-
tal gas and ice HCN, C2H, and H2CO relative to water
are listed in the right columns of Table 3. The fractions
range from 0.5% to 1.1% and 0.02% to 1.8% for HCN
and C2H, respectively, not taking into account IM Lup,
which has much lower organic fractions of < 0.001%.
The fractions for H2CO are lower, ranging from 0.001%
to 0.08%. Typical abundances with respect to water in
cometary ices range from 0.1% to 0.6% for HCN and
from 0.1 � 1% for H2CO (Mumma & Charnley 2011),
which are consistent with our organic fraction estimates.
The MAPS disks are therefore rich in organic species,

suggesting that future comets formed in these disks
could e�ciently deliver water and other key organics to
rocky planets forming in the inner disk.

6. CONCLUSIONS

We have presented spatially resolved observations of
the small organics HCN, C2H, and H2CO toward a sam-
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• Probes of gas substructures
• HCN column peaks in inner disk 
→ active warm cyanide chemistry

• High mass of organics within 50au 
(1—2% of total H2O) 

The small organics HCN, C2H & H2CO: brief highlights 

• CN/HCN probes UV penetration  
(radially and in/out of gaps)

MAPS VII: Bosman et al. (2021)

• C2H implies elevated C/O ratios Sub-stellar O/H and C/H and super-stellar C/O in planet feeding gas 7

Figure 2. C2H column densities as function of radius for AS 209 (top), HD 163296 (middle) and MWC 480 (bottom). From
left to right the figures show models with C/O ratios of 0.47, 1.0 and 2.0, with the colors showing the depletion of the small
dust grains, from the fiducial value (yellow) to 1000⇥ depleted (dark red). The black line with the grey error region shows the
column densities extracted from the data (Guzmán et al. 2021), the black line transitions into a dotted line in the harder to
probe inner 30 au. The blue bars and arrows show the inner disk C2H column density upper limits derived from the line profiles
(see Appendix A). The vertical grey line shows the location of the CO ice line in the models. The model C2H column densities
are integrated over both sides of the disk. High C/O ratios are necessary to reproduce the observed C2H column densities.
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Figure 2. C2H column densities as function of radius for AS 209 (top), HD 163296 (middle) and MWC 480 (bottom). From
left to right the figures show models with C/O ratios of 0.47, 1.0 and 2.0, with the colors showing the depletion of the small
dust grains, from the fiducial value (yellow) to 1000⇥ depleted (dark red). The black line with the grey error region shows the
column densities extracted from the data (Guzmán et al. 2021), the black line transitions into a dotted line in the harder to
probe inner 30 au. The blue bars and arrows show the inner disk C2H column density upper limits derived from the line profiles
(see Appendix A). The vertical grey line shows the location of the CO ice line in the models. The model C2H column densities
are integrated over both sides of the disk. High C/O ratios are necessary to reproduce the observed C2H column densities.



Complex organic molecules in star and planet formation 

- Q: Can this complexity be built up (or retained) in the vicinity of 
forming planets? 

- A: Need to search for (and characterise) emission from large 
molecules in protoplanetary disks…

G19.01

Williams et al. 2021

Young massive starsProtostars

IRAS 16293B
Martín-Doménech et al. 2017

CH3NCO  

Star forming clouds

Scibelli & Shirley 2020

CH3OH

Taurus

- Complex* organics detected in many different stages of star formation
(* ≳ 6 atoms)

see also Öberg+ 2015, Walsh+ 2016, Favre+ 2018, van der Marel+ 2021, Booth+ 2021, +++ 



MAPS IX: Distribution & properties of large organics 

- Detailed analysis of emission from HC3N, CH3CN & c-C3H2  

- Potentially weak, obtain robust detections from matched filtering: 
(VISIBLE, Loomis et al. 2018)

MAPS IX: Ilee et al. (2021)

reported by Qi et al. (2013).



MAPS IX: Distribution & properties of large organics 

- Detailed analysis of emission from HC3N, CH3CN & c-C3H2  

- Potentially weak, obtain robust detections from matched filtering: 
(VISIBLE, Loomis et al. 2018)

MAPS IX: Ilee et al. (2021) 19 new detections



Imaging of the large organics 

- Analysis on lines with 
“strong” detections 
(filter σ ≳ 5)  

- Imaging at 0.3’’ 
resolution

MAPS IX: Ilee et al. (2021)
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Imaging of the large organics 

- Analysis on lines with 
“strong” detections 
(filter σ ≳ 5)  

- Imaging at 0.3’’ 
resolution

- Morphologies: 

- Central peaks 

- Single/double rings 

➔ All compact, on  
scales of mm dust

MAPS IX: Ilee et al. (2021)



- Many of these transitions were previously spatially unresolved  

- Can perform a radially resolved excitation analysis for the first time: 

Excitation analysis 

MAPS IX: Ilee et al. (2021)



- Many of these transitions were previously spatially unresolved  

- Can perform a radially resolved excitation analysis for the first time:

Rotation diagram analysis 

MAPS IX: Ilee et al. (2021)
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- Many of these transitions were previously spatially unresolved  

- Can perform a radially resolved excitation analysis for the first time:

MAPS IX: Ilee et al. (2021)

Measure  and  
for a radial bin 

I Δr

Calculate rotational  
diagram per bin

Get  and  from 
intercept & slope

NT Trot

Result:  & NT(r) Trot(r)

Excitation analysis 



- Example: CH3CN in GM Aur 

- Three immediate takeaways… 

Trot(r), NT(r), τ(r)

MAPS IX: Ilee et al. (2021)

Excitation analysis 



➔ Origin in gas cannot be  
thermal desorption: 

Trot (~40K) < Tdesorb (~100K) 

MAPS IX: Ilee et al. (2021)

Trot(r), NT(r), τ(r)
- Example: CH3CN in GM Aur 

- Three immediate takeaways… 

Excitation analysis 



Disk-int.  
values

➔ Significant N at small r  
(x10 increase)

MAPS IX: Ilee et al. (2021)
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- Three immediate takeaways… 

Excitation analysis 



Disk-int.  
values

➔ Many lines optically thick 
(∴ N could be a lower limit) τ = 1

MAPS IX: Ilee et al. (2021)

Trot(r), NT(r), τ(r)
- Example: CH3CN in GM Aur 

- Three immediate takeaways… 

➔ Significant N at small r  
(x10 increase)
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➔ Many lines optically thick 
(∴ N could be a lower limit)

MAPS IX: Ilee et al. (2021)

- Example: CH3CN in GM Aur 

- Three immediate takeaways… 

➔ Significant N at small r  
(x10 increase)

➔ Origin in gas cannot be  
thermal desorption: 

Trot (~40K) < Tdesorb (~100K) 
True for both HC3N and 
CH3CN in each of the 

four disks

Excitation analysis 

Peak columns are between 
10—100 times higher than 

previous chemical  
models predict 
(Walsh et al. 2014)



Spatial origin of the line emission 

- We can combine data across MAPS studies for further understanding 

- Disk 2D temperature structures have been empirically determined

MAPS IX: Ilee et al. (2021)

(Law & MAPS 2021b)
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(Law & MAPS 2021b)



- We can combine data across MAPS studies for further understanding 

- Disk 2D temperature structures have been empirically determined 

- Can map Trot ➝ z/r and use radial emission profile to probe origin…
(Law & MAPS 2021b)
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- We can combine data across MAPS studies for further understanding 

- Disk 2D temperature structures have been empirically determined 

- Can map Trot ➝ z/r and use radial emission profile to probe origin…

Origin of  
emission

➔ Large organics emit from, or very close to, the midplane

Midplane

Spatial origin of the line emission 

MAPS IX: Ilee et al. (2021)

(Law & MAPS 2021b)
*

* assuming Trot ~ Tgas



Compositional comparison with the Solar System 

- We can combine data across MAPS studies for further understanding (II) 

- Comparison of the ratio of large to small organics across each disk
(with Guzmán & MAPS 2021)

MAPS IX: Ilee et al. (2021)



Compositional comparison with the Solar System 

- We can combine data across MAPS studies for further understanding (II) 

- Comparison of the ratio of large to small organics across each disk

Remote obs. of  
Solar System  

comets  
(Biver &  

Bockelée- 
Morvan 2019)

MAPS IX: Ilee et al. (2021)

(with Guzmán & MAPS 2021)



➔ Disk organic composition is consistent with Solar comets

- We can combine data across MAPS studies for further understanding (II) 

- Comparison of the ratio of large to small organics across each disk

Remote obs. of  
Solar System  

comets  
(Biver &  

Bockelée- 
Morvan 2019)

(beyond ~50 au where )τ < 1

Compositional comparison with the Solar System 

MAPS IX: Ilee et al. (2021)

(with Guzmán & MAPS 2021)



- Significant optical depths at small radii, 
will need lower frequencies… 
- ALMA Band 1 (2023?) 
- ngVLA / SKA (late 2020s?)

Open questions / what next? 

HD 163296 — CH3CN

- Large columns incompatible with previous chemical model predictions 
- Missing chemistry?  Further grain surface processes needed? 

- Missing physics?  Drift & processing of icy grains from outer disk?  
e.g. R. Booth & Ilee 2019

e.g. Garrod et al. 2021

Walsh et al. 2014



Summary 

- The MAPS disks host significant reservoirs 
of small and large organic molecules 

- Small organics approach 1–2% of total H2O 
mass within 50 au 

- Large organics similarly enhanced in inner 
disk (10—100x model predictions) 

- Emission originates at low z/r (or midplane) 

- Ratios consistent with Solar System comets  



Take home message… 

The building blocks of prebiotic chemistry are plentiful in  
the planet-forming regions of (these) protoplanetary disks 

This material has a similar composition to that in  
our own Solar System 



- All final (& intermediate) data products are publicly available 

- Self calibrated measurement sets  ✔ 
- Imaging scripts & toolsets             ✔ 
- Image cubes                                ✔ 

- User-friendly interface to grab specific data products 
- e.g. ‘’everything for AS 209”, “all radial profiles for CO” 

- BibTeX automatically generated for simple referencing

- Moment maps      ✔ 
- Radial profiles       ✔ 
- Emission surfaces ✔

http://alma-maps.info


