
Lecture 12:  Protoplanetary disks 



Outline

• History and basic information 

• Disk physics 

• Disk chemistry 

• New era of discoveries with ALMA and JWST



Confusing nomenclature
• „Protoplanetary disk“ (PPD) 

• „Planet-forming disk“ 

• „Solar nebula“ 

• „Circumstellar disk“ 

• „Accretion disk“ 

• „Proplyd“  

• „Transitional disk“ 

• „Debris disk“ 

• NOT THE SAME AS „Planetary nebula“!

HL Tau, 0.87–3mm

Cat’s Eye Nebula, optical



Nebular hypothesis of planet formation

Immanuel Kant 
(1724 – 1804) 

• First idea by Swedenborg, E. „Philosophical 

and Mineralogical Works“ (1734)  

• Kant, I. „ Allgemeine Naturgeschichte und 

Theorie des Himmels“ (1755) 

• Laplace, P.–S. „Exposition du Système du 

Monde“ (1796) 

• Solar system formed from a rotating gas cloud 

(nebula) ⇒ coplanar planetary orbits, planets 

rotate in the same direction as Sun



Transformation of a cloud into a disk

~104 years

• Rotating dense cloud becomes 

gravitationally unstable

~105 years

• Protostar with massive accretion 

disk, infalling envelope, and outflow

~106 years

• Young star with planet-forming disk 

only

~107 years • Star with planetary system



Proplyds in Orion, Hubble



Edge-on PPDs: Hubble, near – IR

HK Tau

Orion 114–426

• Dark lane: mm-sized dust (absorption) 
• Bright cones: (sub)micron-sized dust (scattering)



Dust distribution:  IM Lup
Orion 114–426

HK Tau

VLT/SPHERE, near–IR:  
μm dust (scattering)

DSHARP II: Annular substructures 3

Figure 1. ALMA 1.25 mm continuum images of the DSHARP sample, ordered by decreasing stellar luminosity (see Table 1

of Andrews et al. 2018a) from left to right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to

increase the visibility of substructures in the outer regions. Axes are labeled with angular o↵sets from the disk center. Annular

substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in the

lower left corner of each panel.

ALMA, radio: 
mm dust (emission)

• Large mm-sized dust is in midplane 

• Small μm-sized dust is coupled to the gas and vertically extended 

• Gaps and rings due to (forming) planets?



PDS 70 b: Detection of a planet in 
the gap of the disk with SPHERE
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Müller et al. 2018

• 6 years astrometric baseline: bound object 

• Orbital properties:  
separation 22 au, period 118 years, orbit 

circular and coplanar with disk favoured 

• Spectrophotometry Y-to L’-band 
mass: 5-9 Mjup (comparison to evolutionary 

models)

       First unambiguous direct detection of 
a planet within the gap of a transition disk

Keppler et al. 2018
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• 6 years astrometric baseline: bound object 

• Orbital properties:  
separation 22 au, period 118 years, orbit 

circular and coplanar with disk favoured 

• Spectrophotometry Y-to L’-band 
mass: 5-9 Mjup (comparison to evolutionary 

models)

       First unambiguous direct detection of 
a planet within the gap of a transition diskWagner et al. 2018

Keppler et al. 2018

PDS 70 b: Detection of a planet in 
the gap of the disk with SPHEREYoung gas planets in PDS70 disk

Haffert et al. 2019

MUSE @ VLT

• Sun-like star with a disk (~5–10 Myr old) 

•A wide gap between 20 and 40 au 

• Two ~2 – 10 MJup planets at 21.5 and 35.5 au (2:1 resonance) 

• Accreting gas from the disk 

Keppler et al. 2018



Disks: basic information

• 99% gas (mainly H2 and He),  1% dust 

• Masses:  <0.01 – 0.2 MSun 

• Keplerian rotation: 

• Radii:      <10 – 1000 au 

• Heights:   increase with radius (flaring) 

• Accretion rates:    ~10-9 – 10-7 Mstar/year 

• Lifetime:  ~1 – 10 Myr

€ 

vφ ≅ ΩKr =
GM*

r



Henning & Semenov 2013, Chem. Reviews

Scheme of a disk structure

• Gradients of T and nH  ⇒  layered chemistry 

• Complex dynamics 

• Grain evolution & formation of planets



                           Öberg, Facchini,  Anderson (2023)

Astrochemistry: ~300 molecules detected in space, 
only 33 in disks



Molecules as probes of disk physics

Semenov et al. (2010)

Tracer Quantity

 12CO,13CO, C18O, C17O, 13C18O, 13C17O Temperature, density

 HD Gas mass

 HCO+, N2H+,… Ionization

 CN, HCN, HNC, C+, C2H, c-C3H2 FUV/X-rays

 H2CO, CH3OH, CH3CN Surface processes

13CO, C18O, DCO+, H13CN, C15N, C34S,… Isotopic fractionation

 CS/SO, C2H/CO,,… C/O ratio 



Challenging „obs vs theory“ cycle

Iterative fitting

Physical modelT, nH, radiation

Chemical modelAbundances

Line radiative transferKinematics 
Excitation

Comparison with 
observations

Noise  
Atmosphere

• Physics:                 parametrized structure, Td = Tg (fast) 

• Chemistry:            parameterized (fast) or full-scale (slowest part) 

• Radiative transfer:  LTE is often assumed (fast)



Hot irradiated atmosphere: 
simple ions and radicals

• Intense UV and X-rays radiation 

• nH < 105-6 cm-3 

• T > 100–10 000 K 

• High ionization degree 

• Limited gas-phase chemistry



Warm intermediate layer: molecules

• Partly shielded from UV and X-rays 

• nH ~ 106 – 109 cm-3 

• T ~ 20 – 500 K 

• Rich chemistry 

• Molecules are in the gas phase 

• Emission lines!



Cold, dense midplane:  ices

• Only CRPs can penetrate 

• nH > 108 cm-3 

• T < 10–50 K 

• Freeze-out, a lot of ices 

• Rich chemistry on dust surfaces



Planet-forming inner zone: dynamics

• nH  > 1010 cm-3 

• T > 50–200 K  

• 3-body collisions 

• X-ray-driven processes   

• No freeze-out 

• Grain evolution



Dust evolution in a nutshell

Weidenschilling et al. (1993), Blum (2010)

Dust Growth in Protoplanetary Disks 1205

Fig. 3 Examples of laboratory collision experiments between uffy SiO2 aggregates, which re-
sulted in sticking (top), bouncing (middle), and fragmentation (bottom). The collision velocities
were 0.004 m s−1 (sticking), 0.16 m s−1 (bouncing), and 5.1m s−1 (fragmentation), respectively.
All experiments were performed under microgravity conditions. For clarity, the colliding dust ag-
gregates in the sticking and bouncing case are marked by an x. The time interval between the rst
ve images in the sticking case is 54 ms, the last three images have time intervals of 850 ms between
them to prove the durability of the adhesion; the time interval between the images in the bouncing
case is 14 ms; the time interval between the rst two images and the last two images in the case of
fragmentation is 1 ms, respectively.

3 A NEW DUST-AGGREGATE COLLISION MODEL

To be able to predict the temporal evolution of protoplanetary dust aggregates, a physical model
of the collision behavior of arbitrary dusty bodies is mandatory. As we have seen above, a full ve-
dimensional treatment of the parameter space (mass, mass ratio, two porosities and collision velocity
of the dust aggregates) is, however, not yet possible because the coverage of the mass ratio and
enlargement parameter is far from being complete. Thus, we decided to treat these two parameters
in a binary way in our model (Güttler et al. 2010). We describe dust aggregates either as NporousO (p)
or as NcompactO (c). Without better knowledge, we set the threshold between the two regimes at an
enlargement parameter of Ψ = 2.5 (a porosity of 60%), i.e. all aggregates with Ψ > 2.5 are NporousO
and those with Ψ < 2.5 are considered Ncompact.O In a similar way, the mass ratio of the colliding
aggregate pair is parameterized: for mass ratios between the more and less massive dust aggregate
r < 100, we consider both aggregates to be of equal size; for r > 100, we treat the collision as
an impact of a projectile onto an innitely large target aggregate. Under the assumption of similar
porosity of the two colliding dust aggregates, the threshold mass ratio of r = 100 corresponds
to a size ratio of 4.6. With this simplication, the following eight collision types are possible and
are independently treated in our collision model: Npp,O NpP,O Npc,O NpC,O Ncp,O NcP,O Ncc,O and NcC.O
Here, two small letters characterize a collision with r < 100, whereas a combination of a small and
a capital letter depicts a projectile-target collision. Please keep in mind that the NpcO combination
differs from NcpO in such a way that in NpcO the (slightly) less-massive of the two colliding aggregates
is porous, whereas in the NcpO case it is compact.

Sticking

Fragmentation

Bouncing

• Sticking collisions due to Brownian 

motion ( V <10 cm/s) 

• Fragmentation at V >10 – 100 m/s  

• mm grains rain down (settling) 

• mm grains drift inward (head wind) 

• Mostly proved by experiments



Peak at 1 meter

1m barrier to solid growth

Weidenschilling 1980

• Head wind (rotational velocity difference between gas and dust)

• Meter-sized bodies drift inward within <104 years

• How to overcome it? A few mechanisms have been proposed



How to pass a 1m-barrier?

Ciesla & Dullemond (2010)

Possible mechanisms: 

• Gravitational instabilities: direct planet formation in situ 

• Rapid grain growth in pressure bumps (streaming instability) 

• Aerodynamic collection of eroded debris 

• Something else?



FIR/mm wavelengths are best to study disks

•  Sensitive to cold ~10–20 K regions

•  Optically thin dust emission:  measure of dust mass

•  Rotational transitions of many molecules:  gas physics, chemistry

•  High frequency resolution detectors:   R >106 (up to 20 m/s)

•  High angular resolution interferometers:   ~1 au at 60 pc



Gas masses via HD: Herschel, FIR 

• TW Hya disk:  Mdisk ~ 0.05 Msun  

•Enough mass to form a planetary system 

•Gas masses have been measured only in 3 

disks

Credit: NASA/JPL
Bergin et al. (2013), Nature 493, 644 



Power of radio-interferometry:  HL Tau disk
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Fig. 1.—Cleaned, natural-weight VLA map of the HL Tau region at 3.6 
cm. HL Tau and XZ Tau appear as unresolved sources in this map. Contours 
are _5? _35 3, 5, 7, 9, and 11 times 0.034 mJy beam-1, the rms noise of the 
map. Positions and flux densities of the sources are given in Table 1. The 
half-power contour of the beam (with dimensions of 1"03 x 0"94 and P.A. of 
— 60°) is also shown. 

outflow similar to those observed in L1551 IRS5 (Bieging & 
Cohen 1985; Rodriguez et al. 1986) and HH1-2 VLA1 
(Rodriguez et al. 1990). The other is that we have imaged the 
protoplanetary disk around HL Tau. We will discuss now 
these two possibilities. 

As can be seen in Figure 3, the total flux density at 1.3 cm, 
2.9 ± 0.4 mJy, agrees better with a power-law extrapolation of 
the millimeter flux densities (believed to be due to dust emis- 
sion from the protoplanetary disk) than with a similar extrapo- 
lation from the 6 and 3.6 cm VLA flux densities (believed to be 
due to free-free emission from the ionized outflow), suggesting 
that the 1.3 cm emission is dominated by dust. We have 
assumed that the peak flux density measured by Brown et al. 
(1985) at 6 cm equals the total flux density associated with the 
vicinity of the star. Bertout & Thum (1982) reported a single- 
dish (HPBW = 44") 1.3 cm detection of HL Tau at 4.9 ± 0.9 
mJy, a result consistent with our measurement. Estalella et al. 
(1991) have proposed that the 1.3 cm emission of the young 
object IRAS 16293-2422B may also be dominated by dust. In 
Figure 3 we show a compilation of flux densities for HL Tau in 
the centimeter and millimeter wavelengths. The power-law fit 
to the 6 and 3.6 cm points gives Sv = 5.13 x 10“2 v10, while 
the power-law fit to the five millimeter points gives Sv = 1.41 
x 10“3 v2 4, with Sv, in mJy and v in GHz. These spectral 

TABLE 1 
Positions and Flux Densities for HL and XZ TAU 

^3.6 cm ^1.3 cm 
Star a(1950)a <5(1950)a (mJy) (mJy) 

HL Tau  04h28m44!38 +18°0734"9 0.43 ± 0.03 2.9 ± 0.4 
XZ Tau  04 28 46.05 +18 07 34.4 0.25 ± 0.03 <0.6 

a Positions from 3.6 cm data. Error is estimated to be 0"2. 
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Fig. 2.—Cleaned, natural-weight VLA map of HL Tau at 1.3 cm. The 
emission is elongated roughly in the north-south direction, with P.A. of 22 . 
Contours are - 3, -2, 2, 3, and 4 times 0.18 mJy beam - \ the rms noise of the 
map. The cross marks the position of the peak emission at 3.6 cm. The half- 
power contour of the beam (with dimensions of 0"46 x 0"43 and P.A. of —29°) 
is also shown. 

Fig. 3.—Continuum spectrum of HL Tau in the centimeter and millimeter 
wavelengths. Data are from Brown et al. (1985; 6 cm), Sargent & Beckwith 
(1991 ; 2.7 mm), Beckwith et al. (1990,1.2 mm), Adams et al. (1990; 1.1,0.8, and 
0.6 mm), Bertout & Thum (1982; 1.3 cm) and this Letter (3.6 and 1.3 cm). The 
1.3 cm point with the larger error bars is the single-dish measurement of 
Bertout & Thum. The dashed lines are separate least-squares power-law fits to 
the centimeter data (6 and 3.6 cm, left side of the figure) and to the five 
millimeter data points. The 1.3 cm flux density measured with the VLA is 
indicated in the figure. Note that it falls closer to the extrapolation of the 
millimeter emission (believed to be produced by dust in a protoplanetary disk) 
than to the extrapolation of the centimeter emission (believed to be free-free 
produced in an ionized outflow). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

VLA: 0.45"@1.3 cm 

Rodriguez et al. (1992)

PdBI: 0.75"@1.3 mm

Guilloteau et al. (2011)

• Modern (sub-)mm interferometry: 

• Continuum:  resolution > 0.02" ⇒ ~1 au (TW Hya) / ~5 au (others) 

• Lines:           resolution >0.06"  ⇒ ~3 au (TW Hya) / ~15 au (others)

Observations: Rings and (maybe) Planets
HL TAU

Age. 1Myr, SpT: K9, M? ⇡ 1.5M�
MD ⇡ 0.1M�

Credit: ALMA (ESO/NAOJ/NRAO)
ALMA Partnership et al. (2015)

TW Hya
Age& 3Myr, SpT: K7, M? ⇡ 0.8M�

MD ⇡ 0.04M�,

Credit: Qi et al. (2013)

ALMA observations at ⇡ 800 µm; image scales: HLTAU: outer ring at ⇡ 50 AU,

TW Hya 1” ⇡ 50 AU; spatial resolution is not the same (higher for HL TAU)

7/21ALMA Partnership (2015) 

ALMA: 0.035"@1.3 mm



ALMA, 0.03″@1.25mm, dust emission (DSHARP data)DSHARP II: Annular substructures 3

Figure 1. ALMA 1.25 mm continuum images of the DSHARP sample, ordered by decreasing stellar luminosity (see Table 1

of Andrews et al. 2018a) from left to right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to

increase the visibility of substructures in the outer regions. Axes are labeled with angular o↵sets from the disk center. Annular

substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in the

lower left corner of each panel.

4 Huang et al.

Figure 1. Continued• Concentric gaps and rings in 20 disks, much less spirals or blobs 

• Rings consistent with dust trapping in pressure maxima; α <10-3 

• No obvious systematics wrt star or disk properties Andrews et al. 2020 



ALMA, line emission at <0.1″ (MAPS data)
Oeberg et al. (2021)
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• Multiple rings, gaps, spirals  

• Various emission sizes, inner radii, bright inner emission "cores"



• Low T ~ 20 – 60 K at r > 100 au  
• Temperature decrease with radius and increase with height 
• Agreement with radiative transfer models

Temperatures from CO lines:  ALMA, radio

Miotello et al. (2022), 

Law et al. (2021–23)



Gas kinematics in disks

• Heavy molecules are the best (CS) ⇒  disks are not turbulent!

• Keplerian rotation  

• Gas temperature 

• Local line width:

Teague et al. (2016),  ApJ 
Flaherty et al. (>2016), ApJ



Gas spirals in TW Hya via 12CO

Teague et al. (2019), ApJ

• Archimedean spirals in 𝑽 and 𝑇 at >80 au ⇒ planet-disk interactions?



1Hp

2Hp

3Hp

gas scale height

Meridional flows

Viscous spread of gas into gaps

Planet driven flows
Planet opening a gap in the gas

gas density

~4 Hill radii

Figure 3 | Schematic of the meridional flow. Cartoon of the dominant flows around an embedded planet after Fung & Chiang (2016). The planet will open a gap in
the gas density through Lindblad torques driving the radial flows shown in orange close to the midplane. The disk will viscously spread towards the gap center, then
fall into the gap via meridional flows, shown with black arrows at higher altitudes. For wide gaps, this will result in circulation around the gap edges.

Figure 4 | Hydrodynamical simulations of meridional flows. Azimuthally averaged 3D velocity structure (a) in the (R, �) plane at the 12CO emission surface and
(b) in the (R, Z) plane, similar to Figure 2 but from the hydrodynamic simulation. The colour contours in panel (b) show the disk gas density, normalised by its initial
value in each grid cell. The white dashed curve in panel (b) presents the inferred 12CO emission surface as in Equation 2. In panel (c), we present a zoom-in view of
the velocity field at the vicinity of the planet at 87 au. The disk gas density along the R-Z slice containing the planet is shown in the background in a logarithmic scale.
All the contours and vectors show snapshot values taken at the end of the simulation (1.44 Myr). For visualisation purpose only, we present vectors every two radial
and meridional grid cells in panels (a) and (c), and every three radial and meridional grid cells in panel (b).

6

Meridional flows in HD 163296

• 3 gaps in dust and CO at ~ 90, 140 and 240 au 
• 12CO ⇒ accurate T measurement ⇒ Vz(r) 
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Figure 2 | Measured velocity structure for the gas in the disk around HD 163296. Inferred 3D velocity structure in the (R, �) plane, (a), with the disk rotation
along the vertical axis, and the (R, Z) plane, (b). All velocities are deprojected assuming a source inclination of 46.7� and converted to a fraction of the local
sound speed, cs. In both panels a vector in the bottom right shows 0.1 cs. In (a), vectors in the positive and negative y direction faster or slower-rotating material,
respectively, while the x direction shows the radial flows. The colour background shows the magnitude of the rotation vector. In panel (b), the three locations
of meridional circulation are shown in red dashed boxes and the outflow in a blue dashed box. The dotted lines mark the locations of the gaps in the continuum
emission5, 29, and the local velocity disturbances traced in 12CO emission7.

5

Teague et al. (2019), Nature



Large disk surveys: Lupus star-forming region5

Figure 2. 890 µm continuum images of the 61 Lupus disks detected in our ALMA Cycle 2 program (this excludes Sz 82, which

was observed by Cleeves et al., in prep), ordered by decreasing continuum flux density (as reported in Table 2). Images are

2
00⇥2

00
and the typical beam size is shown in the first panel.

Ansdell et al. (2016), ApJ• 89 resolved disks: dust CO emission



Large disk surveys: Lupus star-forming region

• Mdust scales as [M⋆]1.73 ± 0.25 

Sanchis et al. (2020), A&A 633



6

Figure 3. Dust masses (top), gas masses (middle), and gas-to-dust ratios (bottom) for continuum-detected sources in our Lupus

sample. Blue points indicate detections and gray triangles indicate upper limits. Dust masses are from Table 2 and described in

Section 5.1; the associated error bars include the 10% absolute flux calibration uncertainty. Gas masses and associated ranges

are from Table 3 and described in Section 5.2; error bars with downward arrows indicate sources detected in
13
CO but not C

18
O,

for which we did not place lower limits on their gas masses. Gas-to-dust ratios and associated ranges are directly calculated

from the dust masses and the range of possible gas masses. Stars show the results of our stacking analysis (Section 5.3).

planetary disks in Miotello et al. (2014). The empirical
factor of 3 used in Figure 4 is su�cient to fit our Lu-
pus observations and lies within the range of models in
Miotello et al. (2014) for massive disks. Although our ob-
served fluxes do not match the models of Miotello et al.
(2014) for low-mass disks, those models covered a lim-
ited set of disk parameters and will be expanded to a
larger model grid to interpret the CO isotopologue de-
tections in Lupus with more sophisticated treatment of
isotope-selective e↵ects (Miotello et al., submitted).
Our derived gas masses are given in Table 3. We de-

termined these gas masses by comparing our 13CO and
C18O line luminosity measurements or upper limits to
the WB14 model grids. We considered bothWB14 model
grids (ISM and 3⇥ reduced C18O abundance) in order
to take into account possible isotope-selective photodis-

sociation e↵ects. The line luminosity uncertainties in-
cluded the statistical errors in Table 3 and a 10% abso-
lute flux calibration error (added in quadrature). For the
11 sources detected in both 13CO and C18O, we calcu-
lated the mean (in log space) of the WB14 model grid
points within ±3� of our measured 13CO and C18O line
luminosities (Mgas), and also set upper (Mgas,max) and
lower (Mgas,min) limits based on the maximum and min-
imum WB14 model grid points consistent with the data.
For the 25 sources with 13CO detections and C18O up-
per limits, we similarly calculated Mgas and Mgas,max
but set Mgas,min to zero as the e↵ect of isotope-selective
photodissociation may be stronger for low-mass disks
(Miotello et al., submitted). For the 53 disks undetected
in both lines, we set only upper limits to the gas masses
using the maximum model grid points consistent with

Lupus disk survey: dust and gas masses



Resolved chemistry: CO snowline in TW Hya

• N2H+ anti correlates with CO:     N2H+ + CO → HCO+ + N2 

• N2H+ ring at r > 30 au, where CO is frozen

Qi et al. (2013),  Science

Imaging of the CO Snow Line in a
Solar Nebula Analog
Chunhua Qi,1*† Karin I. Öberg,2*‡ David J. Wilner,1 Paola D’Alessio,3 Edwin Bergin,4

Sean M. Andrews,1 Geoffrey A. Blake,5 Michiel R. Hogerheijde,6 Ewine F. van Dishoeck6,7

Planets form in the disks around young stars. Their formation efficiency and composition are
intimately linked to the protoplanetary disk locations of “snow lines” of abundant volatiles.
We present chemical imaging of the carbon monoxide (CO) snow line in the disk around TW
Hya, an analog of the solar nebula, using high spatial and spectral resolution Atacama Large
Millimeter/Submillimeter Array observations of diazenylium (N2H

+), a reactive ion present in large
abundance only where CO is frozen out. The N2H

+ emission is distributed in a large ring, with
an inner radius that matches CO snow line model predictions. The extracted CO snow line radius
of ∼30 astronomical units helps to assess models of the formation dynamics of the solar system,
when combined with measurements of the bulk composition of planets and comets.

Condensation fronts in protoplanetary
disks, where abundant volatiles deplete
out of the gas phase and are incorporated

into solids, are believed to have played a critical
role in the formation of planets in the solar sys-
tem (1, 2), and similar “snow lines” in the disks
around young stars should affect the ongoing
formation of exoplanets. Snow lines can enhance
particle growth and thus planet formation effi-
ciencies because of (i) substantial increases in
solid mass surface densities exterior to snow line
locations, (ii) continuous freeze-out of gas dif-
fusing across the snow line (cold-head effect),
(iii) pile-up of dust just inside of the snow line in
pressure traps, and (iv) an increased “stickiness”
of icy grains compared with bare ones, which
favors dust coagulation (3–7). Experiments and
theory on these processes have been focused on
the H2O snow line, but the results should be gen-
erally applicable to snow lines of abundant vol-
atiles, with the exception that the stickiness of
different icy grain mantles varies. The locations
of snow lines of themost abundant volatiles—H2O,
CO2, and CO—with respect to the planet-forming
zone may also regulate the bulk composition of
planets (8). Determining snow line locations is
therefore key to probing grain growth—and thus,
planetesimal and planet formation efficiencies—
and elemental and molecular compositions of
planetesimals and planets forming in proto-
planetary disks, including the solar nebula.

According to the solar system’s composition
and disk theory, the H2O snow line developed at
∼3 astronomical units (AU, where 1 AU is the
average distance from the Earth to the Sun) from
the early Sun during the epoch of chondrite as-
sembly (9). In other protoplanetary disks, the
snow line locations are determined by the disk
midplane temperature structures, which are set
by a time-dependent combination of the lumi-
nosity of the central star, the presence of other
heating sources, the efficiencies of dust and gas
cooling, and the intrinsic condensation temper-
atures of different volatiles. Because of the low
condensation temperature of CO, the CO snow
line occurs at radii of tens of AU around solar-
type stars: this larger-sized scale makes the CO
transition zone the most accessible to direct ob-
servations. The CO snow line is also important in
its own right because CO ice is a starting point for
a complex, prebiotic chemistry (10). Also, with-
out incorporating an enhanced grain growth ef-

ficiency beyond that expected for bare silicate
dust, observations of centimeter-sized dust grains
in disks, including in TW Hya (11), are difficult
to reproduce in the outer disk. Condensation
of CO is very efficient below the CO freeze-
out temperature, with a sticking efficiency close
to unity according to experiments (12), and a CO
condensation–based dust growth mode may thus
be key to explaining these observations.

Protoplanetary disks have evolving radial and
vertical temperature gradients, with a warmer sur-
face where CO remains in the gaseous state
throughout the disk, even as it is frozen in the
cold, dense region beyond the midplane snow
line (13). This means that the midplane snow
line important for planet formation constitutes
a smaller portion of a larger condensation sur-
face. Because the bulk of the CO emission comes
from the disk surface layers, this presents a chal-
lenge for locating the CO midplane snow line.
Its location has been observationally identified
toward only one system, the disk around HD
163296, based on millimeter (or sub-millimeter)
interferometric observations of multiple CO ro-
tational transitions and isotopologues at high
spatial resolution, interpreted through detailed
modeling of the disk dust and gas physical struc-
ture (14). An alternative approach to constrain the
CO snow line, suggested in (15) and pursued here,
is to image molecular emission from a species that
is abundant only where CO is highly depleted
from the gas phase.

N2H
+ emission is expected to be a robust

tracer of CO depletion because the presence of
gas phase CO both slows down N2H

+ formation
and speeds up N2H

+ destruction. N2H
+ forms

through reactions between N2 and H3
+, but most

H3
+ will instead transfer a proton to CO as long as

the more abundant CO remains in the gas phase.
The most important destruction mechanism for
N2H

+ is proton transfer to a COmolecule, whereas

REPORTS
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Fig. 1. Observed images of dust, CO, and N2H
+ emission toward TW Hya. (Left) ALMA 372-GHz

continuum map, extracted from the line-free channels of the N2H
+ observations. Contours mark [5, 10,

20, 40, 80, 160, 320] millijansky (mJy) beam−1, and the root mean square (RMS) is 0.2 mJy beam−1.
(Center) Image of CO J = 3−2 emission acquired with the SMA (24). Contours mark (1–5) Jy km s−1

beam−1, and the RMS is 0.1 Jy km s−1 beam−1. (Right) ALMA image of N2H
+ J = 4−3 integrated

emission with a single contour at 150 mJy km s−1 beam−1, and the RMS is 10 mJy km s−1 beam−1. The
synthesized beam sizes are shown in each bottom left corner. The red dashed circle marks the best-fit
inner radius of the N2H

+ ring from a modeling of the visibilities. This inner edge traces the onset of CO
freeze-out according to astrochemical theory and thus marks the CO snow line in the disk midplane.
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Edge-on disk: „Flying Saucer“

•Cold, narrow dust disk: ~ 10 K 

• Large, ~1mm grains 

• Edge-on + Rotation ⇒ Emission (r,z) 

• Direct image of disk gas structure!

Dutrey et al. (2017)

ESO Press Release 1604

2MASS J16281370-2431391  

A&A 607, A130 (2017)

Fig. 3. Summary of the observations for CO, CS, and dust. CO J = 2–1 integrated intensity map (a) and isovelocity contours (b), CS J = 5–4
integrated intensity map (c) and isovelocity contours (d), continuum image at 242 GHz (e) and CS J = 5–4 integrated spectrum (f).

allows us to trace the emission well above the disk plane (iso-
velocity contours would be parallel for a cylindric distribution).

3.2. Simple determination of the disk parameters

To constrain the basic parameters of the disk, we made a sim-
ple model of the CS J = 5–4 emission with DiskFit (Piétu et al.
2007) assuming power laws for the CS surface density (⌃CS(r) =
⌃0(r/100 au)�p) and temperature Tex(r) = T0(r/100 au)�q. The
disk was assumed to have a sharp outer edge at Rout. The verti-
cal density profile was assumed Gaussian (see Eq. (1) Piétu et al.
2007), with the scale height a (free) power law of radius h(r) =
H0(r/100 au)�h. The line emission was computed assuming a
(total) local line width dV independent of the radius and LTE
(i.e., T0 represent the rotation temperature of the level popula-
tion distribution).

In addition to the above intrinsic parameters, the model also
includes geometric parameters: the source position x0, y0; the in-
clination i and the position angle of the rotation axis PA; and the
source systemic velocity VLSR relative to the LSR frame.

Results are given in Table 1. This simple model allows us
to determine the overall disk orientation, the systemic velocity,
and the stellar mass, and gives an idea of the temperature re-
quired to provide su�cient emission. The apparent scale height
H0 derived at 100 au corresponds to a temperature of 53 K, much
larger than T0. The di↵erence may indicate that CS is substan-
tially subthermally excited or, more likely, that CS emission only
originates from above one hydrostatic scale height.

Table 1. CS disk modeling results.

Parameter Value (at 100 au) Unit
PA 3.6 ± 0.4 � PA of disk rotation axis
i 85.4 ± 0.5 � Inclination
VLSR 3.755 ± 0.003 km s�1 Systemic velocity
M⇤ 0.58 ± 0.01 M� Star massa

Rout 290 ± 7 au Outer radius
dV 0.17 ± 0.01 km s�1 Local line widthb

⌃0 4.3 ⇥ 1013 ± 0.3 ⇥ 1013 cm�2 CS surface density
p 2.71 ± 0.03 Surface density exponent
T0 18.0 ± 0.5 K CS temperature
q �0.18 ± 0.03 temperature exponent
H0 25.8 ± 0.3 au Scale height of CSc

h �1.40 ± 0.03 Exponent of scale height

Notes. (a) Assuming Keplerian rotation. (b) Assumed constant with r.
Errors are formal error bars from the fit. (c) Apparent scale height (see
Sect. 3.2).

3.3. Position-velocity diagrams

A more detailed understanding of the disk properties can be de-
rived from the position-velocity (PV) diagram shown in Figs. 4
and 5 where several altitudes z are shown. In these diagrams, ra-
dial straight lines (i.e., lines with v(x) � Vdisk / x, where x is
the impact parameter, v the velocity, and Vdisk the disk systemic
velocity) trace a constant radius r (see Appendix A for details).
The blue straight lines indicate the outer radius (Rout ' 330 au).
The blue curve is the Keplerian rotation curve

p
GM⇤/r, with
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Alcoholes: CH3OH in TW Hya

• Methanol ring that peaks at ~30 au 

• Produced by CO surface chemistry

Walsh et al. (2016)

Parfenov et al. (2017)



The search for relatively large molecules in protoplanetary disks remains challenging18: high 
sensitivity and resolution (spatial and spectral) are required. The unprecedented sensitivity of the 
Atacama Large Millimetre/Submillimetre Array (ALMA) make this instrument the most suitable for 
such a study. Incidentally, the transitions of the targeted molecule have to be strong enough to be 
emissive within the disk and detectable with a relatively high signal to noise ratio.  

In that context, we obtained observations of the trans-HCOOH 6(1,6)-5(1,5) transition (t-HCOOH 
hereafter, the prefix "trans" means that the OH functional group is on the opposing side to the single 
C-H bond)  at 129671.82 MHz performed with ALMA. Formic acid is a key organic molecule as 
the carboxyl group (COOH) is one of the main functional groups of amino acids, the structural units 
of proteins. The targeted transition was previously detected in the interstellar medium, more 
specifically towards solar-type stars (see Methods and Supplementary information). This transition 
has an appropriate low upper state energy level (~25 K) and high line strength (~12 D2), making it 
ideal for searching for this molecule in the gas with a temperature range of about 10-40 K. Such low 

�2

Figure 1: t-HCOOH detection towards TW Hya as observed with ALMA. a) 129 GHz 
continuum emission. The contours and level step are at 14σ (where 1σ = 1.4 mJy beam-1). b) 
Observed gas-phase HCOOH emission integrated over the line profile and smoothed at 
resolution equivalent to the disk size. The first contours is a 3σ and the level step is at 3σ (where 
1σ = 1mJy beam-1 km s-1). c) Same as b) but model. The synthesised beam is shown in the 
bottom left corner of panels a, b and c. d) Disk averaged HCOOH spectrum observed in TW 
Hya.

Organic acid: HCOOH in TW Hya

Favre et al. (2018)

• Outer cold disk region 

• Produced by CO surface chemistry

054506-2 Hakala et al. J. Chem. Phys. 134, 054506 (2011)

FIG. 1. Formic acid conformers: trans-FA and cis-FA (Ref. 10). The sym-
metric cyclic trans–trans FA dimer tt1 is also shown. Notation follows
Ref. 18.

(AGA, 99.9999%), typically, in the 1:500–1:1500 proportion.
The matrices were deposited onto a CsI substrate at 4.3 K in
a closed cycle helium cryostat (Sumitomo Heavy Industries).
The IR absorption spectra (4000–450 cm−1) were measured
with a Nicolet SX—60 FTIR spectrometer at 4.3 K using a
liquid nitrogen cooled MCT detector and a KBr beamsplit-
ter with a spectral resolution of 0.25 cm−1. Typically, 200
interferograms were co-added. Pulsed IR radiation provided
by an optical parametric oscillator (OPO Sunlite with IR ex-
tension, Continuum) was used to convert the trans conformer
into the cis form by exciting the first stretching OD over-
tone at 5174.5 cm−1.14 The pulse duration was ∼5 ns with
a linewidth of 0.1 cm−1.

After deposition, the bands of monomeric trans-HCOOD
are mainly present in the spectra.14 The degree of deuteration
exceeds 80%. The excitation at 5174.5 cm−1 for about 1 h
yields cis-HCOOD in large amounts (>90%), see Fig. 3. An-
nealing at 12 K results in agglomeration of cis-FA monomers.
Annealing at 20 K for 20 min leads to evaporation of a Ne
matrix, and solid FA remains on the substrate. The spectrum
of the solid substance after matrix evaporation depends on the
initial conformational state of FA (trans versus cis). Because
the cis to trans conversion of HCOOD should not be substan-
tially enhanced at temperatures below 20 K,14 we believe that
the conformational state is preserved in solid after this anneal-
ing. If no cis to trans conversion occurs during the Ne ma-
trix evaporation, the proportion of cis-FA in this solid should

FIG. 2. Formic acid crystalline one-dimensional chains studied in the present
work. The unit cell of each configuration contains two monomers. Two unit
cells are shown. The structure repeats periodically in the horizontal direction.

FIG. 3. The νOD bands of HCOOD (a) after deposition, containing trans
monomeric form and (b) enriched with cis-HCOOD by irradiation of as-
deposited matrix at 5174.5 cm−1. The spectra are measured at 4.3 K.

be ∼75%, which is the proportion of cis-HCOOD in the
matrix prior to annealing as calculated from the IR spectra.
We call the solids prepared from trans-FA and from the con-
verted cis-FA by the evaporation of a Ne matrix trans-FA
solid and cis-FA solid, respectively.

The spectra of the two types of solids produced by the
evaporation of as deposited (containing trans-FA) and cis-FA-
enriched matrices are shown in Fig. 4. The spectra are clearly
different after annealing at 20 K (spectra a) and unchanged by
annealing up to 110–120 K (spectra b). Annealing of trans-FA
solid to the temperatures higher than 120 K leads to narrow-
ing of the spectral lines. The resulting spectrum is presented
in Fig 4(c). Typically, annealing at 120–140 K changes the
spectrum of the cis-FA solid, making it similar to the spec-
trum of the trans-FA solid after annealing at similar temper-
atures. The experimental absorption bands of the two types
of solids (from spectra a and c) are presented in Table I. The
experimental and calculated vibrational frequencies of the FA
monomers are presented in Table II.

III. COMPUTATIONAL DETAILS AND RESULTS

The first-principles simulations were carried out in or-
der to find periodic structures containing cis-FA molecules.
The simulations were performed within the density-functional
theory using the VASP code,34–36 the PW91 functionals37, 38

for the generalized-gradient approximation (GGA), and
the projector-augmented wave pseudopotentials.39, 40 Peri-
odic boundary conditions were used. Infinite one-dimensional
chains composed of either purely trans-FA, purely cis-FA,
or alternating trans- and cis-FA molecules were simulated
with two molecules in the repeated unit (unit cell). In addi-
tion, the monomeric trans-FA and cis-FA molecules and the
trans-trans cyclic tt1 dimer were optimized. The effect of
the k-point mesh in the electronic structure calculation and
the length of the unit cell in the direction perpendicular to the
chain were tested. Typically, with the chain along the z axis,
the unit cell edge in the x and y directions was about 10 Å.



Organics in FU Ori systems:  V883 Ori
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Figure 2: Intensity weighted velocity images (colors) and Integrated intensity maps (contours)

of the molecular lines clearly detected in the Cycle 5 ALMA observations. Multiple lines are

detected in each species except for C17O, and they are averaged for a high signal-to-noise ratio.

The contours are from 5 σ in step of 3 σ except for CH3OH and CH3CHO. Their contour steps

are 5 σ. The RMS noise levels are 9.9, 3.5, 3.8, 4.5, 6.1, and 7.3 mJy beam−1 km s−1 for C17O

3-2, CH3OH, CH3CHO, CH3OCHO, 13CH3OH, and CH3CN, respectively. The cross indicates the

position of the continuum peak. The observed beam is presented in the lower left panel.
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van t’Hoff et al. (2018), Lee et al. (2019)

• Methanol, acetone, acetonitrile, acetaldehyde, and methyl formate  

• Sublimated ices at the edge of the snowline (T>100 K)



PDS70 system:  small, thermally processed dust grains



Zooming in…



Pre-JWST times

Nascent Solar System
5.5 Myr old

Spitzer: large bandwidth, low spectral resolving power (R=λ⁄Δλ)



The JWST era

Nascent Solar System
5.5 Myr old

JWST enables high resolution spectroscopy at the birthplace of rocky 
planets



First water detection in a planet-hosting disk



JWST:  GW Lup
• Planet-forming disk around a Sun-like star 

• Silicates and CO2, 13CO2, H2O, HCN, and C2H2 

• Emission comes from upper layers (~ 200 – 500 K gas)

Grant et al. 2022



Conclusions

• Planet-forming environments 

• Vertical and radial gradients of  T and nH 

• Layered chemistry 

• Spatially-resolved with radio-interferometers 

• Statistically significant surveys of dust and gas emission 

• ALMA and JWST are fantastic!
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