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motivation:	
  how	
  do	
  planets	
  form?

‣ where	
  do	
  planets	
  form?
in	
  circumstellar	
  disks	
  
around	
  young	
  stars,
‘protoplanetary	
  disks’

2

Alan	
  Dyer,	
  amazingsky.net

(image	
  credit:	
  NASA	
  JPL)



Matthijs	
  van	
  der	
  Wiel	
  (U	
  of	
  Lethbridge,	
  Canada)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2014	
  Apr	
  7–11,	
  HAeBe	
  workshop,	
  ESO	
  Santiago,	
  slide	
  	
  	
  	
  	
  	
  /16
Henning & Semenov 2014, Chem. Reviews, submitted

Scheme of a disk structure

• < 1000 AU, ~ 0.1 – 10% M*,  1 – 10 Myr

• Gradients of  T, n, dust properties

• UV, X-rays, CRP

• Dynamics

Text

0.03 AU2 AU20 AU

structure	
  of	
  a	
  planet-­‐forming	
  disk

3

• disk	
  lifetime:	
  1–10	
  Myr	
  (short!)

• disk	
  contains	
  gas	
  and	
  dust

• disk	
  irradiated	
  by	
  star	
  and	
  
ambient	
  radiation	
  bield

(image	
  credit:	
  Henning	
  &	
  Semenov	
  
2013,	
  Chem.	
  Rev.)
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Herschel	
  space	
  observatory	
  and	
  SPIRE
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Herschel	
  (ESA)
3.5	
  m	
  mirror	
  diameter
launched	
  May	
  2009
mission	
  ended	
  April	
  2013

• SPIRE	
  (Spectral	
  and	
  Photometric	
  Imaging	
  Receiver)
designed,	
  built	
  and	
  operated	
  with	
  Cardiff	
  University	
  
(UK)	
  as	
  P.I.	
  institute,	
  and	
  consortium	
  including	
  
Lethbridge.	
  
• Photometer	
  (camera)	
  
•multi-­‐detector	
  Fourier	
  Transform	
  Spectrometer	
  
for	
  spectral	
  imaging:	
  
200–700	
  µm	
  /	
  500–1500	
  GHz



Matthijs	
  van	
  der	
  Wiel	
  (U	
  of	
  Lethbridge,	
  Canada)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2014	
  Apr	
  7–11,	
  HAeBe	
  workshop,	
  ESO	
  Santiago,	
  slide	
  	
  	
  	
  	
  	
  /16

Herschel	
  SPIRE	
  survey	
  of	
  planet-­‐forming	
  disks

• 12	
  protoplanetary	
  disks	
  observed	
  as	
  part	
  of	
  
SPIRE	
  guaranteed	
  time	
  (P.I.	
  Göran	
  Olofsson,	
  Stockholm)

• 6	
  more	
  from	
  two	
  other	
  programs	
  (Pontoppidan,	
  Bouwman)

• total	
  sample	
  18	
  targets:	
  
	
  	
  	
  	
  	
  	
  	
  	
  12	
  Herbig	
  Ae/Be	
  stars,	
  6	
  T	
  Tauri	
  stars

• detect	
  dust	
  continuum,	
  carbon	
  monoxide	
  (CO)	
  rotational	
  lines,	
  
some	
  13CO;	
  upper	
  limits	
  on	
  low-­‐energy	
  H2O,	
  CH+

• data	
  characteristics:

• uninterrupted	
  450–1540	
  GHz	
  /	
  666–195	
  µm	
  range

• angular	
  resolution	
  17–41	
  arcsec	
  ⇒	
  disks	
  unresolved

• spectral	
  resolution	
  ν/Δν	
  ≈	
  400–1300	
  ⇒	
  spectral	
  lines	
  unresolved

• diffuse,	
  extended	
  emission	
  subtracted	
  using	
  off-­‐center	
  detectors	
  in	
  
SPIRE	
  array

5
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• SPIRE	
  spectrometer	
  is	
  an	
  FTS,	
  so	
  each	
  spectral	
  line	
  has	
  a	
  Sinc	
  line	
  shape.	
  

• line	
  shape,	
  including	
  ‘ringing’,	
  is	
  well	
  understood,	
  so	
  straightforward	
  to	
  bit.
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SPIRE	
  probes	
  warm	
  molecular	
  gas
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• CO	
  lines	
  in	
  SPIRE	
  band	
  trace	
  upper	
  level	
  energies	
  ~50–500	
  K,	
  
impossible	
  to	
  observe	
  comprehensively	
  from	
  the	
  ground

• brightest	
  CO	
  (and	
  continuum)
	
  typically	
  observed	
  in	
  blaring	
  
Herbig	
  Ae/Be	
  disks,	
  although	
  
not	
  exclusively
• 12CO	
  is	
  optically	
  thick	
  
⇒	
  probes	
  surface	
  layer

• 13CO	
  is	
  more	
  optically	
  thin	
  
⇒	
  traces	
  total	
  amount	
  of	
  gas
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• both	
  models	
  explain	
  observed	
  
12CO	
  ladder,	
  within	
  factor	
  3

• models	
  include:	
  
• (2D)	
  radiative	
  transfer	
  for	
  dust	
  

and	
  gas

• photodissocation,	
  chemistry	
  
(gas	
  phase,	
  grain	
  surface)

• detailed	
  heating	
  and	
  cooling	
  
balance	
  based	
  on	
  derived	
  
hydrostatic	
  structure

A&A 531, A1 (2011)
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Fig. 2. Observed spectral energy distribution of HD 100546 compared
to our best-model prediction (full black line, Teff = 10 500 K, 26 L!,
Av = 0.2, Rv = 5.5). The photosphere is shown as a red line. The pho-
tometric data used in B10 are represented by black dots. The binned
FUSE spectrum is plotted with red dots, the binned IUE spectrum with
blue dots, the archival ISO data are plotted with cyan dots for ISO-
PHOT, green dots for ISO-SWS, and magenta dots for ISO-LWS. The
IRAS-LRS data are represented by yellow dots.

estimates of the visual extinction toward this star range from
Av = 0.0 to Av = 1.03, and the stellar luminosity estimates range
from 22 to 32 L! (e.g., Thé et al. 1994; van den Ancker et al.
1998; Valenti et al. 2000; Acke & van den Ancker 2006). These
significant differences have motivated a thorough modeling of
the photosphere. We started considering photospheric models
from the Kurucz grid of LTE models (Kurucz 1979; Castelli &
Kurucz 2004). The sub-grid thus obtained samples the parame-
ter space 9000 K ≤ Teff ≤ 12 000 K with 250 K steps and 3.5 ≤
log g ≤ 5.0 with 0.25 dex steps. Then, synthetic spectra were
calculated in NLTE using the S package of Hubeny &
Lanz (1995). This code allows for an approximate NLTE treat-
ment of lines with LTE photospheric models2. The result of this
stage is to determine the LTE model that provides the best fit
to the observed spectra. The model assumes a solar composi-
tion, a helium abundance, Y = He/H = 0.1 by number, and a
microturbulent velocity, ξt = 2 km s−1. For details of the mod-
eling method of FUV and UV spectra of Herbig stars, we refer
the reader to Bouret et al. (2003). The best-fit model provides
the following stellar properties: Teff = 10 500 K, log g = 4.0 and
v sin i = 55 km s−1.

The stellar luminosity was calculated from Teff and using
HIPPARCOS parallaxes (van den Ancker et al. 1998; Bertout
et al. 1999) and bolometric corrections using the method de-
scribed in Bessell et al. (1998):

log
(L"

L!

)
=

5 × log(1/π) − mv − BCv − 0.26
2.5

, (1)

where π is the parallax in arcseconds, mv is the V-band magni-
tude of the object, and BCv, the bolometric correction. We found
a luminosity of 25.9+3.5

−2.9 L!. All previously published values are
within 2σ of our estimate. In the following, we use 26 L!. We
note that B10 used a stellar luminosity of 22 L! and a null extinc-
tion, assuming a normal (Rv = 3.1) extinction law. In addition,
they had a limited sampling of the stellar flux at wavelengths
shorter than 3000 Å. A comparison with the stellar models of

2 http://nova.astro.umd.edu/Synspec43/

Siess et al. (2000) suggests that this luminosity is probably too
low, unless the metallicity of HD 100546 is Z = 0.01 (half solar).

The dataset used by B10 can also be fitted properly with a
higher luminosity, e.g., 32 L! as in van den Ancker et al. (1997)
or with 26 L! (this work) but with a non-zero and anomalous
extinction (Av ∼ 0.2−0.3 and Rv ∼ 5.5). The anomalous extinc-
tion law is needed to fit the flat UV spectrum now included in
the SED. We note that the photospheric model and extinction
curve we use lead to a slight underestimation of the UV flux near
100nm. We suggest this excess is a consequence of the accretion
process still going-on for HD 100546. This has no significant
impact on the continuum energy budget and continuum emis-
sion from the dust disk because the flux densities involved are
too low by a large factor.

3.2. Location of the near-infrared emission

To derive the basic characteristics of the NIR emission, we first
consider a simple geometrical model made of a ring of uniform
surface brightness to roughly estimate the location of the emis-
sion. We choose a ring instead of, e.g., a uniform disk because
the bulk of the emission is expected to come from the inner rim
of the dusty disk, as shown in B10. The ring model has three
degrees of freedom, namely the ring inner radius Rd, inclination
id and position angle PAd. The ring thickness is fixed at 20% of
the radius. The modeled visibility can be written as

V [H,K]
ring =

V∗F
[H,K]
∗ + VexF[H,K]

ex

F[H,K]
∗ + F[H,K]

ex

, (2)

with V∗ = 1 (unresolved central star) and F[H,K]
ex /(F[H,K]

∗ +F[H,K]
ex )

the NIR excess, i.e., the excess over the stellar flux divided by
the total flux in the H- and K-band respectively. Modelling the
stellar photosphere emission as described in Sect. 3.1, we esti-
mate H- and K-band excesses of '0.53 and '0.75.

An independent fit of the H- and K-band visibilities for
HD 100546 shows that the continuum emission in both bands
comes from the same location, within the uncertainties. We
therefore performed a classical χ2 minimization using the com-
plete H- and K-band visibility datasets together. We constrain
the NIR-emitting region to be located at Rd = 0.25 AU
± 0.02 AU, which reinforces the estimation made in our pre-
vious study (Rd = 0.26 AU; B10). We note that this estimation
is independent of the continuum emission mechanism, it is in
particular independent of the dust properties in the disk.

Because the observations provide a good coverage of the
spatial frequencies (see Table 1) we are also able to estimate
the inclination and position angle of the inner disk. They are
id = 33◦ ± 11◦ and PAd = 140◦ ± 16◦ respectively. The best
ring model is shown in Fig. 1, together with the squared visibil-
ities plotted against the effective baseline length. The effective
baseline length is defined as

Beff = B
√

cos2(θ) + cos2(id)sin2(θ), (3)

where θ is the angle between the baseline direction and the major
axis of the disk, and id is the disk inclination (Tannirkulam et al.
2008). This representation is useful to show a large dataset in a
concise way once the inclination and position angles of the disk
are known. Our estimates, relevant for the inner disk, agree well
with the previously published values of both the inclination and
position angles of the disk measured at larger scales (e.g., Ardila
et al. 2007). This result suggests that the inner and outer disks of
HD 100546 are most likely coplanar – as implicitly assumed in

A1, page 4 of 9

Tatulli+	
  (2011)

typically	
  starts	
  from	
  bit	
  to	
  
broad	
  wavelength	
  dust	
  SED



Matthijs	
  van	
  der	
  Wiel	
  (U	
  of	
  Lethbridge,	
  Canada)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2014	
  Apr	
  7–11,	
  HAeBe	
  workshop,	
  ESO	
  Santiago,	
  slide	
  	
  	
  	
  	
  	
  /16

possible	
  adjustments	
  to	
  ProDiMo	
  model	
  –	
  HD	
  100546

• for	
  HD	
  100546,	
  
observed	
  13CO	
  is	
  >10×	
  stronger	
  than	
  model	
  predicts	
  
• not	
  straightforward	
  to	
  adjust	
  model	
  for	
  optically	
  thin	
  13CO	
  

without	
  compromising	
  good	
  bit	
  to	
  12CO	
  by	
  existing	
  model

• some	
  ideas	
  to	
  tweak	
  Tgas	
  	
  in	
  upper	
  layers	
  of	
  disk:
• blaring	
  geometry..

• PAH	
  abundance..

• dust	
  opacity	
  (UV	
  penetration)	
  ...
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Van	
  der	
  Wiel+,	
  
in	
  prep.

• ProDiMo	
  model	
  also	
  exists	
  for	
  HD	
  163296	
  (Tilling+	
  2012)
• falls	
  short	
  of	
  reproducing	
  observed	
  mid-­‐	
  to	
  high-­‐J	
  CO

• classibication	
  as	
  ‘blat’	
  Herbig	
  disk	
  is	
  based	
  on	
  continuum	
  data,	
  
resolved	
  images	
  of	
  gas	
  distribution	
  in	
  HD	
  163296	
  show	
  strong	
  
evidence	
  of	
  blaring	
  (De	
  Gregorio-­‐Monsalvo+	
  2013)
⇒	
  increased	
  Tgas	
  in	
  upper	
  disk	
  layers	
  ⇒	
  stronger	
  CO	
  lines

• these	
  and	
  other	
  aspects	
  are	
  going	
  into	
  revised	
  model
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Van	
  der	
  Wiel+,	
  
in	
  prep.

• ‘work	
  in	
  progress’	
  model	
  not	
  designed	
  to	
  bit	
  CO	
  ladder	
  exclusively

• many	
  other	
  constraints	
  included	
  in	
  optimization	
  of	
  model	
  bit:	
  
•	
  spectral	
  lines	
  of	
  e.g.,	
  H2O,	
  [OI];	
  •	
  dust	
  SED;	
  •	
  image	
  probile;	
  
•	
  ALMA	
  CO	
  spatial	
  and	
  velocity	
  probile;	
  •	
  CO	
  scale	
  height	
  at	
  150	
  AU;	
  ...	
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correlation	
  or	
  random	
  scatter?
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• [OI]63µm	
  /	
  CO	
  10–9	
  
seem	
  related;	
  thought	
  
to	
  originate	
  in	
  same	
  
region	
  in	
  disk

• 	
  but:	
  based	
  on	
  only	
  5	
  
targets	
  detected	
  in	
  
both	
  lines;	
  rest	
  are	
  
upper	
  limits

10�17 10�16 10�15 10�14 10�13

[OI] 63 µm line strength (W m�2) ⇥(d/100 pc)2
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summary	
  and	
  conclusion

• 18	
  protoplanetary	
  disk	
  objects	
  (12	
  HAe/Be;	
  6	
  TT)	
  studied

• SPIRE	
  spectrometer	
  probes	
  previously	
  poorly	
  explored	
  
wavelength	
  range	
  ~200–700	
  µm:	
  
• six	
  targets:	
  ~10	
  consecutive	
  CO	
  lines	
  with	
  Eup=50	
  to	
  500	
  K

• 13CO	
  rotational	
  ladder	
  detected	
  in	
  HD	
  100546	
  much	
  brighter	
  
than	
  predicted	
  by	
  existing	
  model

• upper	
  limits	
  on	
  other	
  lines,	
  including	
  cold	
  H2O	
  vapor

• food	
  for	
  models!
• modeling	
  work	
  ongoing	
  for	
  HD	
  100546,	
  HD	
  163296,	
  AB	
  Aur
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