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Outlook

• Thermo-chemical models of protoplanetary disk 
atmospheres

• Application on a prototypical disk, HD 100546

• Studying the dependence on input parameters

• Volatile carbon?



Thermo-chemical models
• Model the heating and cooling of the gas self-consistently with the 

chemistry (similar to PDR models)

• Use a new package of codes, based on Bruderer et al. 2009a,b, 2010, 2012 
and benchmarked with various test problems.

• Input        - Physical structure (density)
               - Stellar spectrum
               - Molecular data (e.g. chemical reaction rates)
               - Dust properties
               - Distance, inclination

Output     - Gas/dust temperatures (depending on position)
               - Chemical abundances (depending on position)
               - Molecular excitation (depending on position)
               - Line/continuum fluxes

goal: simulated observations to compare with Herschel data



Modeling 
flowchart

1.) provide a density structure

2.) calculate the dust radiative
     transfer for Tdust and local 
     (continuum) radiation field

3.) calculate chemistry and
     molecular excitation

4.) calculate balance between
     heating and cooling rates
     and iterate over 2, 3 and 4

5.) do raytracing to obtain 
     spectral cubes



HD 100546
• well-known, nearby (~ 100 pc) Herbig Be

• 13 AU inner hole: Planet formation?

• Well observed from X-ray to radio, 
in lines and continuum

• SED fitting allows determination 
of dust density structure (Mulders et al. 2011)

• All main carbon bearing species observed:
What happens to carbon? Bound in grains? Volatile?
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HD 100546
• Herschel-PACS observations (Sturm et al. 2010)

 
DIGIT open time key program (PI N. Evans)

Detect e.g. CO (Jup ~ 14 to 31), [OI] 63, 145 μm and [CII] 158 μmA&A 518, L129 (2010)
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Fig. 4. Selected gas lines from the PACS spectrum of HD 100546. The
continuum-subtracted, normalized fluxes are plotted as histograms. The
continuum has been fitted with a linear function of the wavelength and
the peaks with Lorentz profiles. The second peak in the H2O 90 µm
panel is CO J = 29−28.
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Fig. 5. Rotational diagram of the CO lines in HD 100546 (crosses),
overplotted with our models, using Eq. (2) from Justtanont et al. (2000).
A single temperature fit (dashed) gives reasonable results, but a two-
temperature approach (solid) yields a better description of the data. CO
J = 23−22 and J = 31−30 are blended with H2O and OH respectively
and were not used in the fit, nor are they shown here.

According to our knowledge, the detection of H2O is one of
the first in the disk of a Herbig Ae/Be star. The emission seems
to emerge from optically thick gas. A possible source for the
H2O could be sublimation of water ice. A detailed analysis will
be presented in a future paper.

Our focus here is on the newly detected CO lines. In Fig. 5
we show the rotational diagram of the CO lines. Although a
single-temperature T = 580 ± 14 K provides a reasonable fit
(reduced χ2 = 15) to the data, a better representation could be
obtained by a two-temperature model (reduced χ2 = 1.8). The
transitions up to J = 22−21 are fitted by T = 300 ± 12 K. The
higher rotational transitions require a hotter gas component of
800 ± 100 K providing the connection to the high-temperature
gas in the innermost part of the disk detected by near-infrared
spectroscopy (Brittain et al. 2009; van der Plas et al. 2009). This
inferred temperature range is consistent with CO in a heated sur-
face layer of the disk as found in disk models that do not assume
equal gas and dust temperatures but include an explicit treatment
of the heating and cooling processes (e.g., Kamp & Dullemond
2004). The 300 K component could also emerge from the region
in the midplane close to the gap.

According to Brittain et al. (2009) the 4.7 µm CO fundamen-
tal emission shows both a UV fluorescent and a thermal com-
ponent. The latter was fitted with a column density of at least
2.3×1015 cm−2 (for discussion, see Brittain et al. 2009). The sub-
millimeter data give a typical CO column density of 1018 cm−2

(Panić et al. 2010). From Fig. 5, assuming that the emission orig-
inates from the area between 13 and 100 AU, we derive column
densities of 1016 to 1017 cm−2 in both models. These values in-
dicate that PACS probes the part of the disk between the near-IR
and submillimeter data.

4. Conclusions
The PACS data provide the strongest constraints yet on the
composition of olivines in a protoplanetary disk. We found the
olivines to be extremely iron-poor (less than 3−4% iron). Our
observations can be modeled with dust at ∼70 K, consistent with
ISO results, but requiring at least 2% iron. On the other hand the
determination of the temperature of the forsterite based on in-
trinsic features of the 69 µm band instead of using a continuum
analysis offers a second option: the emission may emerge from
pure forsterite at 200 K and 13 AU close to the midplane. This
region is optically thick for shorter wavelengths.

The far-infrared spectrum of HD 100546 contains a wealth
of molecular gas lines including CO, H2O, and OH. We found
CO transitions up to J = 31−30 which arise from gas in the tem-
perature range of 300 to 800 K and appear to sample gas in the
surface layers of the disk at temperatures and surface densities
intermediate to those probed by submillimeter and near-infrared
CO measurements.
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HD 100546
• APEX observations (Panić et al. 2010)

Detect CO (Jup = 3, 6 and 7)

upper limits on [CI] 370 μm

Non-detection of [CI] is a general trend beyond 
HD100546 (Hogerheijde & van Dishoeck, in prep.)

O. Panić et al.: Warm molecular gas and kinematics in the disc around HD 100546

Fig. 1. From top to bottom: spectra of the 12CO J = 7−6, J = 6−5, J =
3−2, 13CO J = 3−2 and CI J = 2−1 lines observed towards HD 100546
shown with black lines plotted as a histogram. The 12CO and 13CO spec-
tra computed from our models of the line emitting layers of the disc (see
Sects. 3.2.1 and 3.2.2) are shown with continuous red lines. At 100 AU
from the star, our vertically isothermal models of the 12CO line emission
have temperatures T100 = 60−70 K, while a lower temperature T100 =
30 K is used for the 13CO line.

transitions at 7−20σ in terms of the integrated intensity. The
13CO J = 3−2 line is marginally detected at 2σ, and the [C I] J =
2−1 line is not detected. Figure 1 shows the observed spec-
tra, corrected for the beam efficiency and re-binned to a lower
spectral resolution. A first-degree polynomial fit, except for the
0−10 km s−1 range in which the lines are emitted, is subtracted
from the full spectral range for each data set. The 12CO J = 3−2
and J = 6−5 lines are detected at the highest signal-to-noise ratio

Table 1. Integrated intensities of the observed spectral lines.

Spectral Line Ia FWHM
(K km s−1) (km s−1)

12CO J = 7–6 12.9 ± 1.9 4.2
12CO J = 6–5 17.7 ± 0.9 4.2
12CO J = 3–2 4.0 ± 0.6 4.0
13CO J = 3–2 1.3 ± 0.6b (...)

CI J = 2–1 <1.0c (...)

Notes. (a) The line intensity I =
∫

TMB dV is integrated over the velocity
range 0−10 km s−1; (b) marginal 2σ detection; (c) upper limit given by
the 2σ value.

and show a double-peaked profile characteristic of disc rotation.
The intensities integrated over the velocity range 0−10 km s−1,
over which line emission is detected, are listed in Table 1, to-
gether with the full width at half-maximum (FWHM) of the lines
with sufficiently well-defined profiles.

In addition to the observations towards the source, the
CHAMP+ array provides measurements at nearby offsets. This
setup provides an excellent way to discern the emission from
the disc, with an estimated size of at least 400 AU in radius
from the surrounding material known to be present further away
from the star (Henning et al. 1998; Grady et al. 2001; Augereau
et al. 2001). The 400 AU lower limit to the size of the gas
disc is set by the scattered light observations (Augereau et al.
2001) is close to the spatial resolution of our data. The cen-
tral pixel of our CHAMP+ data probes the 12CO J = 6−5 line
emission from the region of 9′′ that is centered on the posi-
tion of the star (460 AU radius), while the surrounding pixels
probe the more distant regions (at a distance 1000−2000 AU
from the star). Similarly, at the frequency of the 12CO J =
7−6 line, a small 7.′′7-sized region (400 AU radius) around the
star is probed with the central pixel, whereas the surrounding
pixels probe the regions that are located further away. Table 2
provides an overview of the pixel positions and the correspond-
ing fluxes integrated over a velocity range from 0 to 10 km s−1,
over which the 12CO lines are firmly detected in the central pixel.
Compared to the on-source fluxes, these measurements show
that the 12CO emission from the surrounding material is about
20 times weaker than from the region within 400 AU from the
star. The 12CO J = 3−2 line was observed with a single point-
ing, and the beam of 18.′′1 is large enough to include any emis-
sion from regions beyond 400 AU. However, the strong resem-
blance in the line profile suggests that both low-J and high-J
lines arise from the disc and that any contribution to the line
emission by an extended low-temperature and low-velocity com-
ponent is negligible.

Our data testify to the presence of warm molecular gas at dis-
tances less than roughly 400−500 AU from the star, correspond-
ing to the smallest beam sizes in our observations (7.′′7 and 9′′).
We obtain the following integrated intensity ratios, corrected
for beam dilution (scaled to the same beam): 12CO lines
(6−5)/(3−2)= 1.1± 0.6 and (12CO 3−2)/(13CO 3−2)≥ 2.8± 2.2.
The errors include both the rms and flux calibration uncertainty.

There is a clear asymmetry in the profile of the 12CO J =
3−2 and J = 6−5 lines, observed at a high signal-to-noise ratio
and characterised by a 20−40% difference in the line intensity
between the two peaks. This asymmetry is certain, given that the
spectra shown in Fig. 1 have been smoothed to a lower spec-
tral resolution and that each spectral bin contains an average of
several measurements.
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shown with black lines plotted as a histogram. The 12CO and 13CO spec-
tra computed from our models of the line emitting layers of the disc (see
Sects. 3.2.1 and 3.2.2) are shown with continuous red lines. At 100 AU
from the star, our vertically isothermal models of the 12CO line emission
have temperatures T100 = 60−70 K, while a lower temperature T100 =
30 K is used for the 13CO line.
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shown with black lines plotted as a histogram. The 12CO and 13CO spec-
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Questions
• What do high-J lines of CO tell about the disk 

atmosphere?

• All major inputs given from direct observations:
Do the models reproduce the lines?

• Where does the emission come from?

• [CI] not detected, but predicted to be strong by previous 
models (e.g. Jonkheid et al. 2007): What does this mean?

• What can we say about the carbon budget in the outer 
disk, the material that somewhen ends up in the inner 
disk?



Balance between heating/cooling gives Tgas > Tdust 
(also in e.g. Kamp & van Zadelhoff 2001, Jonkheid et al. 2004, Nomura & Millar 2005, Gorti & 
Hollenbach 2008, Woitke et al. 2009, Woods & Willacy 2009, Ercolano et al. 2009)

Photoelectric heating on grains/PAHs, H2 pumping and other heating processes versus gas-grain 
accommodation, line cooling ([OI], [CII], CO, 13CO, OH, H2O,...) and other cooling processes.

The warm atmosphere
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The warm atmosphere

Warm atmosphere with Tgas > Tdust necessary 
to explain both high-J CO and [OI]

Bruderer et al.: The warm gas atmosphere of the HD100546 disk
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Fig. 4. Fractional abundances of C+, C, CO, O, H2 and electrons relative to the total hydrogen density (nH = n(H) + 2n(H2)). The thin dashed line
indicates z/r = 0.15, 0.2 and 0.25. Abrupt changes at R = 100 AU are due to a changing PAH abundance, see text.

10−19

10−18

10−17

10−16

10−15

10−14

10−13

L
in
efl
u
x
(W

m
−
2
)

0 5 10 15 20 25 30

CO - Jup

Warm atmosphere (Tgas > Tdust)

Cold atmosphere (Tgas = Tdust)

Observed Fluxes

[C
I]
37
0µ

m

[C
I]
81
0µ

m

[C
II
]
15
8µ

m

[O
I]
63
µ
m

[O
I]
14
5µ

m

Fig. 5. Integrated line fluxes ob-
tained from the representative model.
Observations are indicated by black
crosses. The red lines/dots show model
fluxes for a model with calculated gas
temperature, the blue line with Tgas
set to Tdust. The grey shaded region
indicates a factor of two to the observed
fluxes.

3.4. Origin of the line emission

Where does the observed line emission originate? The angular
resolution of Herschel, corresponding to about 1000 AU for 63
µm at the distance of HD 100546, does not resolve the disk.
The model however, may help to locate the region of emission.
Figure 6 gives the relative contribution to the observed fluxes.
We show the integrated contribution function (ICF) which in-
corporates all effects involved in the line formation: abundance
of the molecule, excitation and opacity. Also given are two radii
indicating where 75 % of the emission emerges from, either in-
side or outside.

The ICF, discussed in Tafalla et al. (2006) and
Pavlyuchenkov et al. (2008), shows the relative contribu-

tion to the line emission along a ray. We obtain from the formal
solution of the radiative transfer equation (Eq. A.14)

ICF =
∫

line
(S ν − S dust) e−τν

(

1 − e−∆τν
)

dν , (1)

with the source function S ν, the dust source function S dust, the
opacity to the observer τν and the opacity within one cell ∆τν.
The integration is performed over frequency. For simplicity, we
take the disk to be face on and let the rays propagate parallel to
the z axis (as e.g. in Panić et al. 2010). This avoids complica-
tions with the adopted Keplerian velocity profile but conserves
the main physical conclusions. The contribution to the observed
line flux from an annulus located at a radial distance r is given by
2πI(r)rdr, with the flux I(r) at radius r. Thus, the relative con-
tribution to the observed flux is ∝ I(r)dr. In Figure 6, we thus
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Dependence on parameters?

Cooler radiation field: Less CO dissociation, more 
efficient cooling, lower Tgas and thus less high-J CO

• Example: Different input (stellar) radiation fields

• Others parameters, like the PAH abundance: see arXiv:1201.4860



Where does the emission come from?
Intensity at different velocity channels

CO(3-2) CO(30-29)

400 AU

50 AU

400 AU

50 AU

log(I) log(I)

Trace different regions: CO(30-29) mostly from the 
inner ~ 50 AU, CO(3-2) from the whole disk

km/s



Bruderer et al.: The warm gas atmosphere of the HD100546 disk

show the contribution function times the radius (r× ICF), scaled
to its peak.

The low-J emission of CO J = 3 − 2 originates at radii1 be-
tween r ∼ 70 − 220 AU at z/r ∼ 0.15 − 0.25. The density above
this region is too low to significantly contribute to the emission,
regions below are shielded by the line opacity. Thus, the far side
of the disk does not contribute much to the emission, except for
some radiation in line wings. Due to the increasing density and
temperature towards the inner region at a given z/r, even spa-
tially smaller regions at radii < 100 AU contribute to the observ-
able emission. Mid-J lines, e.g. CO J = 16 − 15 with Eup ∼ 750
K, are not excited in the outer disk and only molecules within
r ∼ 35 − 80 AU contribute to the emission. These lines reach
line opacities of around unity and the far side of the disk does not
contribute to the emission in innermost regions (radii < 30 AU).
The highest-J emission, e.g. CO J = 30−29 with Eup ∼ 2800 K,
detected towards HD 100546 emerge from the inner r ∼ 20− 50
AU region and from a thin layer at the surface of the disk. There,
CO is formed but the gas temperature is still sufficiently high to
excite the lines. The opacity of these lines is optically thin and
the dust extinction not large. Thus, emission from both the near
and far side reaches the observer.

The atomic fine structure lines of [C I] and [C II] mainly
emerge from the outer disk at radii ∼ 150 − 300 AU. Due to
the higher abundance of those species in the upper atmosphere,
combined with the low critical density (∼ 103 cm−3) and low up-
per level energy of the [C I] and [C II] lines, they emerge from
regions higher in the disk compared to low-J lines of CO. The
oxygen [O I] lines have considerably higher critical densities of
∼ 105 − 106 cm−3 and also higher upper level energies. They are
thus not excited in the outer disk and the line emission comes
from regions within ∼ 50 − 210 AU. Since this line is optically
thick, most of the emission is from the near side of the disk.

Table 2. Line properties and origin

Line λ Eup Aul ncrita Origin
[µm] [K] [s−1] [cm−3] [AU]

CO J = 3 − 2 867 33 3(-6) 2(4) 70-220
CO J = 16 − 15 163 752 4(-4) 1(6) 35-80
CO J = 30 − 29 87 2565 2(-3) 4(6) 20-50
[C I] 3P1 − 3P2 370 62 3(-7) 1(3) 150-300
[C II] 2P3/2 − 2P1/2 158 91 2(-6) 5(3) 150-300
[O I] 3P1 − 3P2 63 228 9(-5) 5(5) 50-180
[O I] 3P0 − 3P1 145 327 2(-5) 5(4) 80-210

Notes. a(b) means a × 10b. (a) Critical density (Aul/
∑

l Cul) for collision
with H2 at the temperature of Eup. Atomic/molecular data from Schöier
et al. (2005).

3.5. CO line profile
The predicted shapes of the CO J = 3−2, J = 10−9, J = 16−15
and J = 30 − 29 lines are shown in Figure 7. For CO J = 3 − 2,
the profile is given for the APEX beam, while the higher-J lines
are calculated for the Herschel beam. The HIFI heterodyne spec-
trometer onboard Herschel (de Graauw et al. 2010) can spec-
trally resolve lines down to < 0.1 km s−1 and covers the fre-
quency range of CO J = 5 − 4 up to CO J = 16 − 15. For illus-
tration purposes, we however also show CO J = 30 − 29, which
1 Measured by the 75% contribution radii given in Figure 6 and Table

2.

might eventually be accessible to resolved observation with the
GREAT instrument onboard SOFIA.
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Fig. 7. Predicted line shape for the CO J = 10 − 9, J = 16 − 15 and
J = 30−29 in the beam of Herschel. The CO J = 3−2 line predicted for
APEX is shown together with the observations by Panić et al. (2010).

The modeled CO J = 3 − 2 line agrees well in width to the
spectra observed by Panić et al. (2010). A slight asymmetry in
the observed spectra with a stronger blue-shifted peak is how-
ever not reproduced by the model. Panić et al. (2010) attribute
the asymmetry to an asymmetric temperature structure that may
be due to a warped inner disk (Quillen 2006). Modeling such
asymmetries is beyond the scope of this study and requires bet-
ter observational constraints on the density structure of the disk.

The CO J = 16 − 15 and J = 30 − 29 lines are predicted
to be considerably broader than CO J = 3 − 2 and J = 10 − 9.
While CO J = 3 − 2 and J = 10 − 9 have a width of ∼ 5 km
s−1, CO J = 16 − 15 and J = 30 − 29 have widths of ∼ 9 km s−1
and ∼ 12 km s−1. This is understood based on the origin of those
lines from regions closer to the star. For the assumed Keplerian
velocity field around a 2.5 M$ star, the projected velocity on the
semi-major axis is vproj = sin(i)

√
M∗G/r = 31.5r−1/2AU km s−1.

For a given velocity vproj in the observed spectra, r corresponds
to the maximum radius from which the line photons can emerge.
For the half width of the CO lines discussed here (2.5, 4 and 6
km s−1) we get r = 160, 50 and 27 AU, roughly corresponding
to the radii of main emission found in Section 3.4. Note that the
CO J = 30− 29 line is broader than expected from the projected
Kepler velocity at the inner rim. This is due to thermal broad-
ening of the line, corresponding to more than 1 km s−1 for the
gas temperatures of a few 1000 K reached in the inner, upper
atmosphere.

We conclude that the width of the CO lines is an interesting
tracer for the radial origin of the emission and thus a probe/test
of the temperature structure. With current facilities, lines up to
CO J = 16 − 15 can be spectrally resolved, allowing to study
regions closer than a few tens of AU suggested by our results.

4. Results: Dependence on parameters
This section presents the results of a parameter study. We vary
different input parameters of the model, such as the size of
the disk or the amount of gas in the disk in order to under-
stand the dependence of the line fluxes on those parameters.
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The higher-J, the broader the line?

Where does the emission come from?

HIFI can observe up to CO(16-15)
Stay tuned:  Approved OT2 proposal to observe it!
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Volatile Carbon?

less volatile carbon (with respect to cosmic abundance) 
yields lower fluxes of CO, [CI] and [CII]
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Volatile Carbon?

Higher gas/dust ratio (higher gas density) drives more carbon into CO
Can reproduce CO with [CI] for high gas/dust ratio and 

low abundance of volatile carbon, but underestimates [CII]
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Where does [CII] come from?

[CII] (!)

[CII] (?)

diffuse remnant 
envelope (?)

[CII] (?)

PACS PSFPACS PSF PACS PSF
Observer

Foreground (subtracted!
about 75 % of observed [CII])

HD 100546



Volatile Carbon?
diffuse clouds

molecular clouds

dense cores
disk 

atmospheres

time

C+

COgas
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COgas ???

CO2 ice / CH3OHice

complex 
organics?



Volatile Carbon?

• Can explain the upper limit of  [CI] together with the CO ladder and 
[OI] for high gas-to-dust ratio, but low amount of volatile carbon. But 
this underproduces [CII].

• [CII] likely from a diffuse remnant envelope!

Herschel OT2 -  Will observe [CII] with HIFI

• We thus prefer the solution with high gas-to-dust, but a low 
abundance of volatile carbon. Where has the carbon gone?
Complex organics?

• Can we find evidence for a volatile carbon-poor atmosphere in other 
disks?

Super-heated, gas rich and carbon poor?



Conclusions / Takeaway

• We can reproduce the Herschel FIR line detections 
towards a (prototypical) protoplanetary disk without 
much tuning

• Warm atmosphere (Tgas > Tdust) needed to reproduce 
the high-J CO

• High-J CO from radii of a few 10 - 50 AU

• Evidence for a gas-rich, but atmosphere that is poor in 
volatile carbon:  Where has the carbon gone? 
                       Complex organics?

Super-heated, gas rich and carbon poor?


