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PDRs in the NGC 7023 massive star forming region

HD 200775 (B star)

Molecular cloudNorth PDR

Cavity

South PDR

Spitzer IRAC 8 µm, PAH emission [Werner et al. 2004]

30’’ = 12 000 AU
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tures become so low that molecules freeze out. The shielding is mostly provided by micron-sized

solid dust particles. Apart from chemical evolution, the disks are characterized by strong evolution

of the initially micron-sized dust particles towards pebbles and, finally, planets. This process has a

strong impact on the physical structure of the disks, and therefore on the chemistry.

Protoplanetary disks are a special class of accretion disks. Accretion is a mass flow caused by

the loss of potential energy due to frictional dissipation, which also leads to mechanical heating of

the gas. The velocity, temperature, and density structure of accretion disks can be described by the

conservation equations for energy, mass, and momentum. For a geometrically thin disk the time

evolution of the surface density ! can be expressed in the form of a non-linear diffusion equation

with the viscosity " as the regulating parameter of the diffusion process.69,70

Figure 2: Sketch of the physical and chemical structure of a ∼ 1−5 Myr old protoplanetary disk
around a Sun-like star.

The viscous stresses that are required for the evolution of accretion disks cannot be solely

provided by the molecular viscosity of the gas, which is many orders of magnitude too small to

have any considerable effect on mass and angular momentum transport. Instead, a “turbulent”
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- Most low/intermediate mass stars form near massive stars (including the Sun)

- What is the effect of the presence of a massive star on protoplanetary disk ?

- Disks around pre-main sequences stars are the sites of planet formation

[Henning & Semenov 2013]

PDRs in protoplanetary disk
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H [OI] 

1’’ = 400 AU

Theta Ori C

Externally illuminated protoplanetary disks[Bally et al. 1998]
[Henney et al. 1996]

H+ H+

- UV exposition heats the disk, pressure increases and gas flows outwards : 
photoevaporation

- How fast does the disk looses all its gas ? Does it have enough time to form 
planets ? Can the flow trigger planet formation ?

- The physical structure of these systems has been studied in the 90s using 
PDR models (e.g. Johnstone et al. 1990, Storzer & Hollenbach 1999)
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Objectives

Goal: understand the dynamical properties of photodissociation regions

1) In extended photodissociation regions in star forming regions, where the spatial 
distribution of the main cooling lines in the far infrared can be resolved with Herschel

2) In unresolved externally illuminated protoplanetary disks, which we can for the first time 
detect with Herschel in the far-infrared where the key cooling lines of PDRs are found 
([OI], [CII], CO) 
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HIFI [CII] cube of NGC 7023 

- Each observed spectrum is a linear combination of elementary spectra
- We observe different mixtures of the same elementary spectra

Hypothesis

data reduction J. Pety & D. Teyssier
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Fig. 1. Overview of the studied regions: upper panel NGC 7023 and lower panel the Horsehead nebula. Left: images of the regions
in the mid-infrared at 8 µm obtained with the Infrared Array Camera (IRAC, Fazio et al. 2004 onboard Spitzer Werner et al. 2004).
A these wavelengths the emission is dominated by PAHs. Middle: velocity integrated map of the [CII] line obtained with HIFI
onboard Herschel. Right: Spectra extracted in the HIFI-[CII] cubes at the positions indicated in the images by color circles.

they are inhomogeneous with small clumps of dense gas em-
bedded in a more diffuse “ambient” medium. However the di-
rect proof for the existence of these clumps lack and their short
lifetime against photo-evaporation makes their existence ques-
tionable. Alternatively, it has been show by several authors that
PDRs seem to contain dense “filaments” (i.e. clumps with a spa-
tial extent in one direction exceeding largely the extent in the
other direction) observed for instance in NGC 7023 ( Fuente et al.
1996) or in the Horsehead nebula (Habart et al. 2005).

Using Herschel (Pilbratt et al. 2010) –and in particular the
HIFI instrument (de Graauw et al. 2010)– which offers the an-
gular and spectral resolution allowing to resolve spatially and in
velocity the emission from PDRs, it is now possible to address
these issues. In this paper we present Herschel-HIFI spectral
mapping observations of the far infrared [CII] fine structure line
and the 12CO ( j=8-7) and 13CO ( j=8-7) pure rotational lines, for
two PDRs, found in the vicinity of massive stars i.e. the NGC
7023 nebula and the Horsehead nebula. We first describe these
observations in Section 2, then we present the method of anal-
ysis based on a blind signal separation approach in Sect. 3. We
follow with the results obtained using this approach in Sect. 4
and the propose an interpretation based on photo-evaporation in
Sect. 6. The results and interpretation are then discussed in the
context of PDR models and star-formation in Sect. 7.

2. Herschel observations
2.1. Selected objects

We have observed the NGC 7023 and the Horsehead nebulae.
NGC 7023 (Fig 1) is a biconical nebula formed around the

B3Ve-B5Ve star HD 200775 (Fuente et al. 1998). With this spec-
tral type, the star cannot ionize the surrounding medium and
form an HII region, hence hydrogen is mostly neutral in this
region. To the North and the South of the star, tow interfaces
are bright at mid-IR wavelengths (Fig 1) due to the emission
from polycyclic aromatic hydrocarbons (PAHs). These regions
correspond to the UV irradiated layers of the molecular cloud,
where the transition between the atomic and molecular gas oc-
curs i.e. photodissociation regions (PDRs). The Northen PDR
has been well studied in the past and the physical conditions
there have been determined. The radiation field just at the sur-
face of the cloud is of the order of G 0 ∼ 2600 (with the normal-
izationG0 = 1 = 5.29−14 erg s cm−3 following ?) and the density
ranges between 150 and a few 105 cm−4 (Berné & Tielens 2012;
Joblin et al. 2010; Fuente et al. 1996) between the diffuse cav-
ity around the star and the dense molecular cloud. The dynamics
of the warm molecular phase of the North PDR was studied in
details by Fuente et al. (1996), who found filamentary structures
with velocities ranging between 1.9 and 5.8 km s−1.

The Horsehead nebula (Fig 1) is a pillar shaped molecular
cloud embedded in an HII region powered by the massive starσ-
Orionis cluster. The most massive member of this cluster is the
binary system σ-Ori AB of spectral types O9.5V and B0.5V (see
for instance Pound et al. 2003 for a multiwavelength overview)
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An hybrid blind signal separation method to decompose spectral cubes 
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Goal calculating W and H, from X, this is obviously an ill-posed problem

- The number of rows of H is stet by the number of eigenvalues of the covariance matrix of X, needed to capture 
the data up to the noise level (equivalent to the number of orthogonal «principal components»)

- W and H are forced to be positive

- Initialization of H is done using «almost pure» spectra (i.e. where only one elementary spectrum dominates) in 
the data : over 5x5 pixel windows, we compute the correlation matrix of the spectra and where the average 
correlation is high the spectrum is «almost pure»

- Initialization of W is random

Additional constraints

The problem
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Approach:

Optimization

42 Blind signal separation methods

X ≈ WH (II.1.7)

where W is a m× r non-negative weight matrix and H is a r × n non-negative matrix
of approximate ”source” signals. The approximate quantity in eq. (II.1.7) can be
optimized by adapting the non-negative matrices W and H so as to minimize the
squared Euclidian distance ‖X −WH‖2 or the divergence D(X|WH) (Lee and Seung
2001), defined as

‖X − WH‖2 =
∑

ij

(Xij − (WH)ij)
2 (II.1.8)

and

D(X|WH) =
∑

ij

(Xij log
Xij

(WH)ij
− Xij + (WH)ij). (II.1.9)

Lee & Seung’s NMF algorithm

The adjustment of W and H can be achieved using classical gradient descent although
this can be problematic (see Lee & Seung 2001). Therefore, these authors have pro-
posed two new algorithms, which are based on the fact that the Euclidian distance is
non increasing under the iterative update rule

Haµ ← Haµ
(W T X)aµ

(W TWH)aµ
, Wia ← Wia

(XHT )ia

(WHHT )ia
(II.1.10)

and that the divergence is also non increasing under the rule

Haµ ← Haµ

∑

i WiaXiµ/(WH)iµ
∑

k Wka
, Wia ← Wia

∑

µ HaµXiµ/(WH)iµ
∑

ν Haν
(II.1.11)

Thus, the following iterative algorithm can be derived from this result in order to
minimize either the euclidean distance or divergence:

1. fix r

2. randomly initialize matrices W and H

3. update these matrices with the update rule (II.1.10) or (II.1.11)

4. if convergence is reached, then end. Otherwise go back to Step 3. Practically, we
have used a convergence criterion that is the ratio between the value of euclidian
distance or divergence at the iteration step n over their respective values at step
n-1. An example of convergence curve is given in Fig. II.3.5.

When convergence is reached, H provides an approximation of ”source” signals and
mixing coefficients.

Criterion Algorithm
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+ Monte-Carlo runs to check independence to random W initialization

[Boulais, Berné & Deville in prep.]

[Lee & Seung, Nat. 2001]
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Decomposition results for NGC 7023
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).
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Figure 2.7 – Résultats de la NMF pour NGC7023N (de haut en bas les composantes S1 à S6).

24

to HD 20075

Component 1

Component 2

Component 3

Component 4

Component 5

Component 6



9

Proposed kinematic structure
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Proposed kinematic structure
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Photoevaporation flow
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Velocity of cold molecular gas (CO)
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Isothermal flow toy model
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(a) Composantes “blue-shift”
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Figure 3.5 – Graphe de ∆v en fonction de la distance à la surface du nuage pour les différentes
composantes

On remarque pour les composantes “blue-shift”, l’apparition de vitesse négative (Fig. 3.5(a)).
Ceci provient de l’approximation de la position des pics d’émissions sur la carte. A cause de cette
indétermination, on considérera pour la suite (notamment dans la section 3.3.3) uniquement les com-
posantes “red-shift”. On observe cependant une relation linéaire entre distance et vitesse.

3.2 Modélisation du flot isotherme

Les résultats de la SAS, nous permettent de formuler l’hypothèse d’un gradient de vitesse linéaire.
A partir de cette hypothèse, on souhaite établir le profil en densité de la PDR.

A partir des équations de la dynamique sur la conservation de la masse et du moment, on peut
déduire qu’un flot isotherme (i.e. à température constante) implique un gradient de vitesse linéaire
(démonstration dans [18]). Nous travaillerons donc suivant cette hypothèse isotherme. On obtient
alors la relation de vitesse v en fonction de la position r dans la PDR :

v(r) =
r

t
− C (3.13)

où t est le temps et C la vitesse du son dans le milieu. On considère dans la suite de cette étude que
r = 0 correspond à la surface du nuage.

Le profile de densité nH en fonction de la position et du temps est donné par :

nH(r, t) = n0
H exp

(
r − Ct

Ct

)
(3.14)

où n0
H correspond à la densité initiale (t = 0 et r = 0) du gaz.

La vitesse du son C dans le milieu est définie par :

C =

√
γkT

µmH
(3.15)

où γ est l’indice adiabatique (5/3), k la constante de Boltzmann, T la température et µmH la masse
réduite de l’hydrogène (2.8 × 1.66 10−27 kg)
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On remarque pour les composantes “blue-shift”, l’apparition de vitesse négative (Fig. 3.5(a)).
Ceci provient de l’approximation de la position des pics d’émissions sur la carte. A cause de cette
indétermination, on considérera pour la suite (notamment dans la section 3.3.3) uniquement les com-
posantes “red-shift”. On observe cependant une relation linéaire entre distance et vitesse.

3.2 Modélisation du flot isotherme

Les résultats de la SAS, nous permettent de formuler l’hypothèse d’un gradient de vitesse linéaire.
A partir de cette hypothèse, on souhaite établir le profil en densité de la PDR.

A partir des équations de la dynamique sur la conservation de la masse et du moment, on peut
déduire qu’un flot isotherme (i.e. à température constante) implique un gradient de vitesse linéaire
(démonstration dans [18]). Nous travaillerons donc suivant cette hypothèse isotherme. On obtient
alors la relation de vitesse v en fonction de la position r dans la PDR :

v(r) =
r

t
− C (3.13)

où t est le temps et C la vitesse du son dans le milieu. On considère dans la suite de cette étude que
r = 0 correspond à la surface du nuage.

Le profile de densité nH en fonction de la position et du temps est donné par :

nH(r, t) = n0
H exp

(
r − Ct

Ct

)
(3.14)

où n0
H correspond à la densité initiale (t = 0 et r = 0) du gaz.

La vitesse du son C dans le milieu est définie par :

C =

√
γkT

µmH
(3.15)

où γ est l’indice adiabatique (5/3), k la constante de Boltzmann, T la température et µmH la masse
réduite de l’hydrogène (2.8 × 1.66 10−27 kg)
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Model constrained by observed velocity gradient, intensity of [CII] and column density 
as derived by Herschel observations of dust emission

T = 530 K
C = 1.6 km s−1

t = 2× 104 years
Pmin = 7× 106 K cm−3

Velocity gradients

Intensité théorique

Le calcul théorique de l’intensité d’une raie d’émission centrée sur la fréquence f est complexe. Il
prend en compte le transfert radiatif et l’épaisseur optique de la PDR [12]. Sans entrer dans les détails,
il s’exprime selon :

If =
4πhf3

0

c2

1 − e−τ

2n0
n1

− 1
(3.33)

où f0 est la fréquence de la raie [CII], n0 et n1 sont déterminés à partir de la température du gaz Tg

et la densité nH (et donc de l’épaisseur S), l’épaisseur optique τ est calculée avec :

τ =

(
2n0

n1
− 1

)
c2

8πΣff2
0

2.29 10−6 n1 S (3.34)

où Σf est la largeur à mi-hauteur des raies observées (issues de la SAS) en fonction de la position.
Pour obtenir la largeur à chaque position, une interpolation linéaire est effectuée (on utilise le même
procédé que dans l’étude de la linéarité du décalage en vitesse (section 3.1.3)). Pour les mêmes raisons,
on considérera uniquement la droite déterminée par les composantes “red-shift”. Les raies observées
ayant un profil gaussien d’écart type σf (voir section 3.1.2) l’intensité totale de la raie est obtenue en
intégrant l’équation (3.33) suivant la fréquence :

I = If × σf ×
√

2π (3.35)

On rappel que l’intégrale d’une fonction gaussienne est donnée par :

∫ ∞

−∞

a e−
(x−b)2

2c2 dx = ac
√

2π (3.36)

On obtient ainsi le profil d’intensité théorique (contraint par la largeur des raies observées) (Fig.
3.16).
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Figure 3.16 – Le profil en intensité observé et modélisé de la PDR. L’épaisseur S est fixée à 0.13 parsec.

En minimisant le résidu ‖Iobs − I(S)‖2
2, on peut déterminer ainsi l’épaisseur de la PDR. Le modèle

final ne dépend donc plus que d’un seul paramètre. L’épaisseur entrant en compte directement dans le
calcul de la densité nH et donc de la température du gaz Tg. On remarque que malgré le grand nombre
d’approximation, notre modèle donne une estimation acceptable de l’intensité. Par ailleur, le modèle
ne prend pas encore en compte la géométrie complexe de la région.
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3.4 Propriétés physique de la nébuleuse obtenues par le modèle

Le modèle que nous avons établi nous donne un profil en densité et en température de la PDR (Fig.
3.18). A partir de ces résultats nous pouvons maintenant calculer la vitesse du son C et donc utiliser
l’équation (3.14) pour obtenir le profil analytique en densité (Fig. 3.17). La température à la surface du
nuage (530 K) nous donne une vitesse du son de 1624 ms−1. La densité à la surface du nuage donnée
par le profil est de 8.4 104 cm−3 (pour une épaisseur de 0.13 parsec). En minimisant le résidu entre
la densité issue du modèle nmod

H et la densité théorique issue des équations de la dynamique ntheo
H , on

obtient l’age de la nébuleuse estimé à 16000 ans.
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Figure 3.17 – Profil en densité théorique et modélisé de la PDR. L’épaisseur S est fixée à 0.13 parsec.

3.5 Résumé des étapes du modèle

A partir des résultats de la SAS, nous avons formulé l’hypothèse d’un flot d’évaporation isotherme.
Pour déterminer le profil en densité de la région, nous avons contraint le modèle par les observations :

1. L’émission IR de la poussière nous donne la température de la poussière Td ainsi que la colonne
densité NH .

2. On déduit de la colonne densité la densité nH grâce à l’épaisseur S de la PDR.

3. On calcule le champ de rayonnement G0, puis la température du gaz Tg à partir de l’équilibre
chauffage / refroidissement.

4. L’intensité de l’émission du C+ nous permet, à partir de la température du gaz et de la densité,
de contraindre l’épaisseur S.

5. En itérant les étapes 2 à 4, on déduit l’épaisseur optimale de la PDR.

6. La température du gaz et la densité déduites du modèle nous ont permis d’établir le profil
analytique de la densité et ainsi calculer l’âge de la nébuleuse.
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Conclusions

- Photodissociation regions are dynamically active : photoevaporation

- Studies of extended regions allow to resolve the photoevaporation flow, and to 
characterize its density profile, velocity gradient and age (?)

- In externally illuminated protoplanetary disks, modeling of Herschel observation with 
the Meudon code indicates the presence of a pressure gradient: they are also subject 
to photoevaporation, but there are issues with the found mass loss rates.

- Do we need a PDR model with dynamics ?



The end




