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(Shu 1987, Lada 1990 etc, based on Jonkheid 2006)

The formation of a star



The formation of a star
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Circumstellar discs 

• Direct consequence of angular momentum conservation 

• First inferred from excess emission in SEDs:



Circumstellar discs 

• “We spent decades trying to examine discs by indirect 
means, and now we just take pictures…” - anon.

Boccaletti+ (2015)

AU Mic



Circumstellar discs 

• “We spent decades trying to examine discs by indirect 
means, and now we just take pictures…” - anon.

HD 163296 CO (3-2)

ALMA SV - Rosenfeld+ (2013), de Gregorio-Monsalvo (2013)



Chemistry in discs 

• Chemical evolution in discs has been studied extensively 

• Why?  
- A probe of physical conditions & kinematics  
- Important (astro)biological implications. 

• Often using 0, 1 or 2D physical models 

Aikawa+ (1999), Ilgner+ (2004), Semenov+ (2008), Woitke+ (2009), … 

Walsh+ (2010)



Young massive discs 

Boley (2009)

Spiral arms

Bound 
protoplanetary 

fragments?

Gravitationally 
unstable disc: 

Class 0 or early 
Class I object

Q =
csκ

πGΣ

If Toomre Q ≲ 1.7
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Gravitationally unstable discs 
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• Unstable discs have been suggested as the source of… 

- FU Orionis-like outbursts              (at least in part, e.g. Zhu+ 2009) 

- Giant planet / brown dwarf formation   (e.g. Stamatellos+ 2007) 

- Angular momentum transport                   (e.g. Durisen+ 2007)

• Seeing this ‘in the wild’ would give opportunities to 
test some of these theories

10



Our model

1111

• CHYMERA - radiation+hydrodynamics code (Boley 2009) 
• Solar mass star surrounded by a 0.4 M  disc to 60 au

• Spiral waves develop 
after a mass loading 
event  

• Evolution followed with 
1000 tracer fluid 
elements 

• tfinal ~ 400 years
Ilee+ (2011)
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Astrochemical modelling

T. Bergin, E. van Dishoeck & the WISH project



Our chemical model

1414
Ilee+ (2011)

Adsorption Desorption

(Simple) grain-surface 
reactions

Gas-phase reactions
• 7 elements,  

126 species,  
1312 reactions 

• Rates based on 

• T, n processed to give 
abundance of each 
species per unit time



Fluid elements
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Ilee+ (2011)



Chemical results
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H2O

Ilee+ (2011)



Bringing this together… 
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• Chemical results  recombined 
with full simulation at 400 yrs 

• Produce column density maps 
of each species 

Ilee+ (2011)



Main findings

• Heating from the spiral shocks releases species from 
icy grain mantles  

• Previously inefficient chemistry is activated in warm, 
shocked regions 

• The mid-plane has a rich gas-phase chemistry

H2CO

Ilee+ (2011)
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Can we observe this?

H2CO
• Combined the physical and chemical model with non-

LTE radiative transfer code LIME (Brinch & Hogerheijde 2010) 

• Assessed the observability of structure with ALMA

Douglas, Ilee+ (2013)

Young protoplanetary discs 2067

Figure 5. A plot of the points selected by the gridding process and the paths
down which photons can propagate for points in the central r, θ plane. The
points are colour coded by the density distribution (in m−3, as used in LIME)
and are more concentrated at small radii and in the most dense regions. The
circular high-density region in the centre is the disc model and is 128 au in
diameter.

Figure 6. Left: a 300 GHz continuum image of the model, created from
the average of 10 LIME runs. Right: the output of a single radiative transfer
simulation, with artefacts due to finite gridding.

the same underlying distribution. These points are then connected
by Delaunay triangulation and it is between the points connected
by this method that photons are allowed to propagate (Fig. 5). The
level populations of the selected molecules are calculated at each of
these points from collisional and radiative (de)excitation, and the
local radiation field is calculated. This is repeated 20 times with
the populations of each level converging towards a single value.
This number of iterations is sufficient for the signal to noise ratio of
the level populations (as defined in Brinch & Hogerheijde 2010) to
exceed 1000 for 99 per cent of the points, ensuring that the simula-
tion has converged on a stable level population. After 20 iterations
the model is ray-traced in order to produce synthetic brightness
maps. The average of 10 separate runs was taken to minimize the
artefacts in the output images, resulting from the grid construction
(Fig. 6).

2.4 Grid construction

In order to construct the grid, candidate points are randomly se-
lected from the volume to be simulated. These candidate points are
associated with values of the H2 number density and the number

Figure 7. A 2D histogram of the point distribution throughout the model.
The disc and envelope can be seen as two separate entities which have to be
sampled using different point distributions.

Table 1. Line sensitivities obtained with ALMA after 6 h integration time
with velocity resolution of 400 m s−1, obtained with the ALMA on-line
sensitivity calculator.

Species Transition Frequency Upper energy level Sensitivity
(GHz) (K) (mJy beam−1)

C17O 3→2 337.06 32.3 0.0270
OCS 26→25 316.15 205 0.0275

H2CO 404→303 290.62 34.9 0.0228
HCO+ 3→2 267.56 25.7 0.0176

density of the molecular species being simulated at the position of
the point in the underlying model. These are then compared against
the H2 and molecular density of a reference point in order to decide
if they will be included in the grid.

Candidate grid points are selected at random in a cylindrical coor-
dinate system that is linearly spaced in z and θ and logarithmically
spaced in r. For each point to be selected, a random number α

is drawn from the semi-open set [0, 1) to be used as a threshold.
After selection of random coordinates, the hydrogen density and
molecular density at the candidate point (n and m, respectively) are
compared against the densities of a reference point on the inner edge
of the disc (n0 and m0). If α < ( n

n0
)0.3 or α < ( m

m0
)0.3, then the point

is selected for use. Otherwise another r, θ , z coordinate is selected
and it becomes the candidate point. 20 per cent of these selected
points are forced to be at radii greater than

√
RminRmax (where Rmin

and Rmax are the inner and outer radii of the model) in order to stop
too many of the selected points clustering in the high-density disc
and leaving the envelope under sampled. In addition to this method
of selection, 5 per cent of the points are linearly distributed in x,
y and z with no bias with regards to density or abundance. This
provides a minimum level of sampling for the large low-density
regions in the outer parts of the simulated volume. See Fig. 7 for an
example of the points distribution in r, z. The function comparing
the candidate point to the reference point and the candidate point
distribution were selected empirically to sample all scales while
ensuring that the majority of points are located in the inner disc
where the density is higher.
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Young protoplanetary discs 2069

Figure 9. C17O 3→2. Left: continuum-subtracted integrated intensity map (in K km s−1). Centre: intensity-weighted velocity map (in km s−1). Right: PV
diagram with intensities in K. The inclinations for which results are shown from top to bottom are: 75◦, 45◦, 30◦ and 15◦ to edge-on.

3 MO D EL R ESU LTS

Simulations are limited to molecules for which we have abundances
in both the disc and envelope, and also have reliable Einstein and
collisional coefficients. In the envelope, the HCO+ abundance pro-
file follows the H2O profile of L1544 (Caselli et al. 2012), scaled
so the maximum is 1 × 10−8. For H2CO, a step profile was consid-
ered, with a fractional abundance of 1.5 × 10−8 at radii greater than
0.04 pc and 1.5 × 10−9 at smaller radii (Young et al. 2004). For
OCS, we adopted a constant abundance of 1.9 × 10−9 (Ren et al.
2011). The C17O abundance profile in the envelope follows the CO
profile calculated for L1544 by KC2010, scaled by the 17O/16O iso-
tope abundance. These estimates for the abundances in the envelope
are simplistic. However, as seen in Section 4, the envelope contri-
bution to the line is very limited in velocity and can be spectrally
disentangled from the disc contribution.

We focus on the frequency range available with ALMA, with par-
ticular attention to band 7, which offers the best trade-off between
resolution and sensitivity. The results presented in this section are
limited to those lines with detectable emission/absorption which can
be used to trace either spiral structure or rotation. Thus, we consider
C17O(3→2), HCO+(3→2), OCS (26→25) and H2CO(404→303).

Figure 10. CASA simulation of the continuum emission of the model at
300 GHz, using the same ALMA configuration as used for the molecular
lines. The size of the beam at 300 GHz is shown in the lower-left corner.

The frequencies and upper level energies of these transitions are
given in Table 1.

To simulate observations, the model was placed at roughly
the distance of nearby low-mass star-forming regions (100 pc).
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220 GHzRay tracing

See also Dipierro (2015)
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M0 M1 P-V



Something less extreme? 

H2CO
• Previous physical model represents an object that will 

likely evolved in to something like a F-type star 
• What about a “protosolar” disc?

Evans, Ilee+ (2015)

• Consistent with a 
Class 0 object that 
would go on to form a 
Sun-like star 

• Lower mass disc  
(~0.1 M )



The protosolar disc

H2CO
• Followed for a much longer (a few thousand years)

Evans, Ilee+ (2015)

• Spiral structure less pronounced, but same effects as 
with more massive disc. 

• However… 



The protosolar disc

H2CO

• Permanent changes are observed in the abundances of 
a number of species as a result of the dynamical 
processing. 

• Models of more evolved discs may need to take this in 
to account in their initial chemical conditions.

Evans, Ilee+ (2015)



Rosette MC HL TauCB 17

OTHER STUFF  
I WORK ON 

(but don’t really have time to talk about…)



CO ro-vibrational emission in MYSOs/HAeBes

Rosette MC HL TauCB 17• Massive star formation is not well characterised. 
• Modelling CO emission in the NIR to probe the inner regions of 

massive YSOs and Herbig Be stars. 
• Traces small scale gaseous discs interior to the dust sublimation 

radius → disc accretion on sub-au scales

IRAS 08576−4334
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Ilee+ (2013), Wheelwright+ (2013), Ilee+ (2014), Fairlamb+ (2015)

?



The DIANA project

• Modelling multi-wavelength observations of ~40 protoplanetary discs 
with self consistent physical, chemical and radiation transfer models.

Woitke+ (2015)
  

The R-branch CO fundamental with FLiTs ...The R-branch CO fundamental with FLiTs ...

model with high densities in inner disk
Najita+(2003)
model

model with low densities in inner disk

R(1)R(3) R(2)R(4)R(5)R(6)

R(7)

R(8)
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simulated observationssimulated observations

SED and line fluxes

emission line maps

continnum images

13CO line @ 220.399 GHz from an edge-on disk

velocity profile

new: high-res IR spectrum

channel maps

  

CY Tau:  line & image resultsCY Tau:  line & image results
SED 12CO J=2-1

1.3mm intensity profile 13CO J=2-1

12CO v=1-0 R(3)

12CO v=1-0 P(26)

also [OI] 63µm, [OI] 6300A
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CY Tau


