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- I am an observer

- Mostly infrared observations, especially spectroscopy in the infrared

- Galactic nebulae, starforming regions, protoplanetary disks

- Astrochemistry

- Signal processing (especially blind signal separation)
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Infrared spectroscopy
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図 と「あかり」の解像度の比較

ければタンクは不要になり、望遠鏡の口径を一定とすれば、衛星は小型化される。さらに、打ち
上げ時に観測器が冷却されていなければ無駄な真空容器は不要になり、衛星は画期的に軽量化さ
れる。これらの効果により、逆に、衛星全体の重量を同じとすれば、従来よりもはるかに大口径
の望遠鏡の搭載が可能になる。
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Lifecycle of low mass stars
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What is a the origin of these spectral variations ? 
How are they connected to local physical 

conditions in these regions ?

Lifecycle of low mass stars
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Evidence for PAH evolution in the ISM
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NGC 7023, Infrared Array Camera (Spitzer 8 μm). 

NGC 7023, Infrared Spectrograph, 8 μm

0.1 pc

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



Mathematical model for evolution of PAHs
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Linear instantaneous model
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Solving the problem using Non-negative matrix factorization
(NMF)

xi(λ) = ai1 × S1(λ) + ai2 × S2(λ) + ai3 × S3(λ) . . .

xi(λ) =
r

∑

j=1

aijSj, i = 1, . . . ,m







xi(λ)
...

xm(λ)






=







a1,1 . . . a1,r
...

...
am,1 . . . am,r






×







S1(λ)
...

Sm(λ)







X = A × S

X = A × S

X = A × S

X ≈ W × H

D(X|WH) =
∑

ij

(Xij log
Xij

(WH)ij
− Xij + (WH)ij)

Haµ ← Haµ

∑

i WiaXiµ/(WH)iµ
∑

k Wka
,Wia ← Wia

∑

µ HaµXiµ/(WH)iµ
∑

ν Haν

Matrice de
poids

Matrice de spectres
Source

Matrice des
observations

Cube
d’observations

1

[Lee and Seung, Nature, 2001]

The problem
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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
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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.

The criteria, Euclidian distance / Kullback’s divergence :
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The algorithm

- We set the numbers or rows of H
- W and H must be positive
- We start iteration with random W and H
- Results do not depend on initialization



Photochemical evolution of PAHs
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[Rapacioli et al. Astron. Astrophys. 2005, Berné et al. Astron. Astrophys. 2007]

Extracted spectra

5.5 Nature of the carriers of the extracted spectra 59

Figure 5.12: Map of the correlation cp of each extracted signal with observations, Signal 1 in red,
Signal 2 in green and Signal 3 in blue. The contours are the Infrared Array Camera (IRAC) emission
at 8 µm showing the filamentary structure of this PDR. The illuminating star is situated in the lower
left hand corner. In this region a slight artifact correlation of Signal 1 with observations is seen due
to the presence of a continuum emanating from big grains at thermal equilibrium.
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Constructing a model
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Model benchmarking in galactic nebulae
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Model benchmarking in galactic nebulae

Observations
Model

Go: intensity of UV radiation field emitted by stars into the ISM
P. Pilleri et al.: The PAH/VSG transition: a new tool to characterise the UV radiation field 7
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Fig. 5. Correlation between the fraction of carbons in VSGs compared to the local radiation field. Colored points refer to the objects in table 1, for
which we determined the profiles of fC and of the radiation field. Red points represent values of fC determined from the fitting procedure and for
which an estimate of the radiation field has been obtained from equation 11
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Application to nearby galaxy M82

IV.2.1 Nearby galaxies 145

Engelbracht et al. (2006) showed using IRAC images and LL-IRS spectroscopy that
the outflow contains a large proportion of PAHs. The central and star-forming region
was mapped with the IRS-SL and Beirão et al. (2008) published an analysis of spectral
variations of the mid-IR spectrum. We have reanalyzed this data using our fitting
technique on each spectrum of the cube (e.g. Fig.IV.2.2). From this analysis we could
build maps of the different populations of very small dust emitters in the central region
of M82. These maps are presented in Fig.IV.2.3.

Figure IV.2.2: Fit (in blue) of a spectrum from the M82 IRS-SL cube using the fitting procedure
introduced in the previous Chapter.

The resulting maps show very strong contrasts. PAH0/+/x and VSG emissions are
located in distinct regions. Both PAH+ and PAHx emissions correlate spatially with
the IRAC 3.6 µm emission tracing the regions of intense star formation where the
UV field is the strongest. The PAHx emission is somewhat more extended but also
more intense in the very central region of M82, probably where the conditions are
the harshest. VSG emission is seen at several kpc from the central regions in more
quiescent material. The high abundance of VSGs in the region situated north east of
the galactic center is well correlated with a dust lane observed in the optical. Most
surprising however is the strong correlation of neutral PAHs with the bipolar winds seen
in Hα. This presence of PAH0 implies that the conditions prevailing in the outflow are
of moderate radiation field which is consistent with the lower abundance of massive
young stars. However, the presence of Hα emission argues in favor of the presence
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UV field is also a tracer of star-formation 



Application to remote galaxies
(data from K. Dasyra)

Luminous IR Galaxy

Ultra-Luminous IR Galaxy

Galaxies at z <1

Galaxies at z >1

[Bouwens et al. Nature 2010]



Application to the «Gomez hamburger» protoplanetary disk
1. Description of the proposed programme (cont.)

Scattered light (visib le)
13 CO  (m illim eter)

PAH  (m id-IR)
12 CO  m illim eter

Fig 1: Observations of GoHam Left: Overlay of the red- and blue-shifted 13 CO components (contours)
on the Hubble Space Telescope visible image. Right: Overlay of the red- and blue-shifted 12 CO components
(contours) on the VLT-VISIR image in the PAH1 band.

Fig 2: Results of Bujarrabal et al. model Left: predicted line profile/intensity for the CO J=7-6 line
observed with HIFI, using the updated code of Bujarrabal et al. (2009). Right: Position-Velocity diagram of
GoHam as observed and modeled using the model of Bujarrabal.

Fig 3: Results of Ménard et al. model Left: Observed and modeled near IR HST image of GoHam. Right:
Observed and modeled SED. Note: In this case the VSG and PAH content is not included because of the
degeneracy of the model due to the limited constrains i.e. lack of FIR fluxes measurements (probably a bad
IRAS point at 60 µm) and lack of constrains on the [OI] and [CII] lines.

- 3 -
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For the following:

Mid-IR PAH emission is a high angular 
resolution, optically thin tracer of 

of UV illuminated couds in star forming regions



- The infrared interstellar medium

- Evolution of carbonaceous nano-grains in the interstellar medium

- Using mid-IR emission of carbonaceous nanograins to probe astrophysical 
environments

- Discovery of Kelvin-Helmholtz instability in the interstellar medium

- If there is time: the story of the Football/Soccerball molecule in space

- Acknowledgements

Outline



Background

- Since the seminal work of Lyman Spitzer 1954 (ApJ 120) it was proposed that 
hydrodynamic instabilities can happen in star-forming regions

- This is important because it will determine the structure of the ISM, induce turbulence, 
and chemical mixing of heavy elements injected by massive stars

Schematic morphology of star-forming region

?

Rayleigh Taylor instability

???

HII region

Molecular cloud

Neutral gas, Molecular cloud
(n=104 cm-3, T=20K)

Ionized gas, HII region
(n=20 cm-3, T=104K)

Massive star

Low mass protostars



The Rayleigh Taylor instability ?

Ionized gas
(n=20 cm-3, T=104K)

Ionized gas
(n=20 cm-3, T=104K)

Neutral gas
(n=104 cm-3, T=20K) Neutral gas

(n=104 cm-3, T=20K)

Pillars of creation Horsehead nebula

Studies with radio-telescopes show that velocity fields do not match models of RT instability 
[M. Pound ApJ 1998, ApJ 2003]



Study of Orion visible vs infrared

Visible light Mid-infrared PAH emission

[Berné, Marcelino & Cernicharo, Nature 2012]

HII region



Study of Orion infrared vs millimeter

Mid-infrared PAH emission

IRAM 30m radio-telescope, 12CO (2-1) spatial resolution of 11’’, 
spectral resolution of 2km.s-1

Observations by N. Marcelino

[Berné, Marcelino & Cernicharo, Nature 2012]



Study of Orion visible vs infrared
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Visible light Mid-infrared PAH emission

[Berné, Marcelino & Cernicharo, Nature 2012]



The Orion «Ripples», geometry

 Morpholgy: PAH emission + integrated CO map
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(2-1) emissions in an east-to-west cut across the ripples (marked ‘2’
in Fig. 2b) shows a stratification with PAHsmore to the east, followed
by H2 and then CO emission (Fig. 2d). This stratification is expected
in ultraviolet-driven photodissociation regions that lie at the bound-
ary between H II regions formed by massive stars and molecular
gas16,17, but not in shocks. Furthermore, the H2 S(1) intensity
(,73 1028Wm22 sr21) is compatible with the predictions of
photodissociation-region models18 reproducing the conditions of
the observed region: dense gas (.104 cm23) highly irradiated (103

times the interstellar standard radiation field). We therefore con-
clude that the observed periodic structure and emission are not the
result of an outflow/Herbig–Haro shock but are instead consistent
with a succession of photodissociation regions lying at the surface of
an elongated, rippled, molecular cloud, shaped in a smooth process
(Fig. 3).

The rippled molecular cloud is subject to an important velocity
gradient (7–9 km s21 pc21; Figs 1 and 2). This gradient cannot simply
be due to the expansion of the H II region (that is ,3 km s21 for a
spherical bubble several parsecs in diameter, calculated on the basis of
the difference between themean velocities of the blue and red parts of
the southern cloud), so it must result from the acceleration of the
cloud by the passage of a flow of diffuse gas. We therefore propose
that the ripples have been formed by the mechanical interaction of
high-velocity plasma/gas, produced by massive stars, with the dense
molecular gas, which has provoked hydrodynamical instabilities. The
simplest non-trivial hydrodynamical instabilities able to explain the
observed structures are Rayleigh–Taylor and Kelvin–Helmholtz
instabilities19. The Rayleigh–Taylor instability occurs in an interface

between fluids of different densities,whereas for theKelvin–Helmholtz
instability to occur there must additionally be a velocity difference
between the fluids. In the present case, where density and velocity
gradients are present, the Kelvin–Helmholtz instability will dominate
(Supplementary Information). In addition to the hydrodynamical
phenomenon, the effect of energetic radiation has to be taken into
account. Far- and extreme-ultraviolet (respectively FUV and EUV)
photons emitted by themassive stars will create a photo-ablation layer
at the surface of the cloud that will insulate the molecular cloud from
the shearing flow and prevent the instability from developing.
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Figure 2 | Infrared and millimetre observations of the ripples. a, IRAM
HERA spectra of the 12CO and 13CO (2-1) lines at the three positions
indicated inb.TA* is the antenna temperature andVLSR is the velocity relative
to the local standard of rest. The red vertical long-dashed line indicates the
velocity of ripple 1 and short-dashed lines indicate the velocities of ripples 2
and 3. b, General view of the ripples and surrounding environment, with the
Spitzer IRAC 3.6-mm image in green and 12CO integrated over all velocities
overlaid in blue. c, Spitzer IRS-LL2 spectra of the summit and valley of ripple
2 and the surrounding H II region. The LL2 spectrum of the Herbig–Haro 2
(HH2) shock is shown for comparison. d, East-to-west cut across a ripple,
showing the evolution of the line-integrated emission of PAH, H2 and
12CO presented in the spectra.
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Figure 3 | Geometrical model of the ripples. a, Schematic of the geometric
configuration. b, c, Expected PAH and 12CO emission (b) and PAH and
12CO emission observed with IRAM and IRAC (c). We assume that energy
collected in the IRAC 3.6-mm broadband filter is dominated by the 3.3-mm
band of PAHs. This is probably the case because the 16.4-mm PAH band is
strongly detected in spectroscopy. The displacement of peak emission
between the two tracers can bewell explained by a configuration in which the
major axis of an elongated cloud forms an angle, a, of less than 90u with the
direction pointing to the Trapezium stars: the energy per unit of surface area
emitted by PAHmolecules at the surface of the cloud, which depends on the
ultraviolet illumination, is stronger on the upward side of the ripple and
weaker on the downward, shadowed, part. However, the intensity of CO
emission depends on the columndensity of gas in the line of sight, so it peaks
at the summit of the ripple. The observed CO intensity gives a gas column
density of NH2< 63 1021 cm22 (see Supplementary Information for
details), corresponding to an optical depth25 at 3.6mmof,1022. This makes
it possible to see perfectly through the cloud in the mid-infrared. This
geometry is compatible with the ripples being in the blueshifted part of the
cloud (Fig. 1), in front of theH II region, andwith the velocity gradient due to
the passage of the flow being from east to west. This configuration could also
be an explanation for the non-detection of the plasma in X-rays, owing to
extinction at this position11,26.
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No shocks !

[Berné, Marcelino & Cernicharo, Nature 2012]



The Orion «Ripples», kinematics

«Orion Ripples» mid infrared PAH emission

0.1 pc

(2-1) emissions in an east-to-west cut across the ripples (marked ‘2’
in Fig. 2b) shows a stratification with PAHsmore to the east, followed
by H2 and then CO emission (Fig. 2d). This stratification is expected
in ultraviolet-driven photodissociation regions that lie at the bound-
ary between H II regions formed by massive stars and molecular
gas16,17, but not in shocks. Furthermore, the H2 S(1) intensity
(,73 1028Wm22 sr21) is compatible with the predictions of
photodissociation-region models18 reproducing the conditions of
the observed region: dense gas (.104 cm23) highly irradiated (103

times the interstellar standard radiation field). We therefore con-
clude that the observed periodic structure and emission are not the
result of an outflow/Herbig–Haro shock but are instead consistent
with a succession of photodissociation regions lying at the surface of
an elongated, rippled, molecular cloud, shaped in a smooth process
(Fig. 3).

The rippled molecular cloud is subject to an important velocity
gradient (7–9 km s21 pc21; Figs 1 and 2). This gradient cannot simply
be due to the expansion of the H II region (that is ,3 km s21 for a
spherical bubble several parsecs in diameter, calculated on the basis of
the difference between themean velocities of the blue and red parts of
the southern cloud), so it must result from the acceleration of the
cloud by the passage of a flow of diffuse gas. We therefore propose
that the ripples have been formed by the mechanical interaction of
high-velocity plasma/gas, produced by massive stars, with the dense
molecular gas, which has provoked hydrodynamical instabilities. The
simplest non-trivial hydrodynamical instabilities able to explain the
observed structures are Rayleigh–Taylor and Kelvin–Helmholtz
instabilities19. The Rayleigh–Taylor instability occurs in an interface

between fluids of different densities,whereas for theKelvin–Helmholtz
instability to occur there must additionally be a velocity difference
between the fluids. In the present case, where density and velocity
gradients are present, the Kelvin–Helmholtz instability will dominate
(Supplementary Information). In addition to the hydrodynamical
phenomenon, the effect of energetic radiation has to be taken into
account. Far- and extreme-ultraviolet (respectively FUV and EUV)
photons emitted by themassive stars will create a photo-ablation layer
at the surface of the cloud that will insulate the molecular cloud from
the shearing flow and prevent the instability from developing.
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Figure 2 | Infrared and millimetre observations of the ripples. a, IRAM
HERA spectra of the 12CO and 13CO (2-1) lines at the three positions
indicated inb.TA* is the antenna temperature andVLSR is the velocity relative
to the local standard of rest. The red vertical long-dashed line indicates the
velocity of ripple 1 and short-dashed lines indicate the velocities of ripples 2
and 3. b, General view of the ripples and surrounding environment, with the
Spitzer IRAC 3.6-mm image in green and 12CO integrated over all velocities
overlaid in blue. c, Spitzer IRS-LL2 spectra of the summit and valley of ripple
2 and the surrounding H II region. The LL2 spectrum of the Herbig–Haro 2
(HH2) shock is shown for comparison. d, East-to-west cut across a ripple,
showing the evolution of the line-integrated emission of PAH, H2 and
12CO presented in the spectra.
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Figure 3 | Geometrical model of the ripples. a, Schematic of the geometric
configuration. b, c, Expected PAH and 12CO emission (b) and PAH and
12CO emission observed with IRAM and IRAC (c). We assume that energy
collected in the IRAC 3.6-mm broadband filter is dominated by the 3.3-mm
band of PAHs. This is probably the case because the 16.4-mm PAH band is
strongly detected in spectroscopy. The displacement of peak emission
between the two tracers can bewell explained by a configuration in which the
major axis of an elongated cloud forms an angle, a, of less than 90u with the
direction pointing to the Trapezium stars: the energy per unit of surface area
emitted by PAHmolecules at the surface of the cloud, which depends on the
ultraviolet illumination, is stronger on the upward side of the ripple and
weaker on the downward, shadowed, part. However, the intensity of CO
emission depends on the columndensity of gas in the line of sight, so it peaks
at the summit of the ripple. The observed CO intensity gives a gas column
density of NH2< 63 1021 cm22 (see Supplementary Information for
details), corresponding to an optical depth25 at 3.6mmof,1022. This makes
it possible to see perfectly through the cloud in the mid-infrared. This
geometry is compatible with the ripples being in the blueshifted part of the
cloud (Fig. 1), in front of theH II region, andwith the velocity gradient due to
the passage of the flow being from east to west. This configuration could also
be an explanation for the non-detection of the plasma in X-rays, owing to
extinction at this position11,26.
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1 2 3

Kelvin-Helmholtz instability [Chandrasekhar 1961]

➙ Wavelike periodic structure (no high velocity shock)
➙ Evidence for a strong velocity gradient

 Kinematics with the CO line Doppler shift

Low density gas
(HII region)

High density gas
(Molecular cloud)

Les modèles classiques de régions de photo-dissociation, avec une géométrie plan-
parallèle (Fig. 1), ont jusqu’à présent fourni des résultats satisfaisants. Cependant, 
ils sont incapables de reproduire les nouvelles observations de l'émission des raies 
de CO excité observées avec Herschel (par ex. les observations de la barre d’Orion 
PI C. Joblin où des niveaux de CO jusqu’à J=22 sont observés). En particulier la 
colonne densité de gaz chaud prévue par les modèles est bien trop faible pour 
rendre compte des observations. Une des interprétations de ce désaccord modèle/
observations est que la géométrie plan-parallèle n’est pas valide et que les 
interfaces PDR ont une structure inhomogène : il existe des condensations ou 
filaments de gaz moléculaire dense, qui sont immergés dans du gaz atomique de 
densité plus faible. L’origine et les propriétés de ces structures restent mal connues. 
Des travaux récents que j’ai mené (Berné et al. 2010) ont démontré par 
l’observation que les PDR sont sujettes à l'instabilité de Kelvin-Helmholtz en raison 
de la présence d’un gradient de vitesse dans l’interface. Suite à ces travaux, nous 
proposons que la saturation de cette instabilité est à l’origine de structures 
inhomogène et filamentaires dans les PDR (Fig. 2). Nous proposons de collaborer de 
manière étroite avec les théoriciens, afin d’effectuer des simulations réalistes, 
reprenant des conditions physiques mesurées dans des objets particuliers (par. ex. 
Orion), et fournissant des résultats directement comparables aux observations 
(échelles de temps, taille caractéristique des structures spatiales etc.). 

Figure 1. A gauche : Simulation numérique de l’évolution d’une interface gaz dense / gaz diffus, sous 
l’effet de l’instabilité de Kelvin-Helmholtz (KH). L'échelle de couleur indique la valeur de la 
densité, qui varie entre 1 et 10 cm-3 du bleu au grenat (Matsumoto & Seki 2010). A droite : Modèle 
linéaire donnant l’évolution de la vitesse de croissance de l’instabilité de KH dans une PDR de la 
nébuleuse d’Orion (!L/V0) en fonction du produit du nombre d’onde de l’instabilité (k) par 
l'épaisseur de la couche cisaillée (L). Les différents " indiquent différentes inclinaisons du champ 

[M
atsum

oto &
 Seki 2010]

[Berné, Marcelino & Cernicharo, Nature 2012]



The Orion «Ripples», first level analysis

with Mg the mass of a globule, βB the recombination coefficient, CII the sound speed in ionised
gas and mH the mass of the hydrogen atom. Rif is the distance between the center of the
globule and ionisation front given by:

Rif =
(

3MgC2
I

4πC2
IImH

)2/5 (
βB

3N!

)1/5

, (6)

where CI is the speed of sound in the neutral medium, and N! the incident flux of photons is
given by:

N! =
NLyc

4πd2
. (7)

Considering the O6.5 star Θ1C as the main exciting source, the Lyman continuum flux is NLyc =
2 × 1049 photons.s−1. Using CII ∼ 8.4 km.s−1, CI ∼ 2.6 km.s−1, a distance betwen the Ripples
and Θ1C d ∼ 3.4 pc, and masses Mg for the globules of 0.3, 0.5 and 1.5 solar masses (calculated
using the above method) we find mass loss rates of 2.8, 3.8 and 7.4 ×10−6M"yr−1.

3 Kelvin Helmholtz wavelength

The Kelvin Helmholtz (KH) wavelength for an interface between fluids of densities ρc and ρf

(cloud and flow respectively), with flow velocity vf and in a gravitational field of acceleration
gc is defined as (Chandrasekhar, 1961):

λkh = 2π × v2
f (ρf/ρc)/gc. (8)

4 Instability growth rate

The KH and Rayleigh Taylor (RT hereafter) instability growth rates (resp. ωrt and ωkh) for an
interface between fluids of densities ρc and ρf , with a flow velocity vf are defined by (see e.g.
Murray 1993 ):

ω2
rt = ka

ρc − ρf

ρc + ρf
, ω2

kh =
k2ρfρcv2

f

(ρf + ρc)2
(9)

where k is the spatial wavenumber and a the acceleration to which the cloud is subject to. With
ρc >> ρf the above definitions become:

ω2
rt = ka, ω2

kh =
k2ρfv2

f

ρ2
c

. (10)

The maximum acceleration amax can be estimated assuming that the flowing wind and molecular
cloud are in dynamical equilibrium. That is, the wind has transfered all it’s kinetic energy to
the cloud. Thus :

Mc × amax = ΣF, (11)

where Mc is the mass of the cloud and F the forces exerted on this cloud. The action of the
wind, will exert a dynamical pressure P = 1/2ρf v2

f so that the forces exerted on the cloud are:

ΣF = 1/2ρfv2
fS, (12)

where S is the contact surface between the flow and cloud. Assuming a cylindrical geometry,
this gives

F = ρfV 2RcZcπ. (13)

2

Kelvin Helmholtz wavelength 

<

with Mg the mass of a globule, βB the recombination coefficient, CII the sound speed in ionised
gas and mH the mass of the hydrogen atom. Rif is the distance between the center of the
globule and ionisation front given by:

Rif =
(

3MgC2
I

4πC2
IImH

)2/5 (
βB

3N!

)1/5

, (6)

where CI is the speed of sound in the neutral medium, and N! the incident flux of photons is
given by:

N! =
NLyc

4πd2
. (7)

Considering the O6.5 star Θ1C as the main exciting source, the Lyman continuum flux is NLyc =
2 × 1049 photons.s−1. Using CII ∼ 8.4 km.s−1, CI ∼ 2.6 km.s−1, a distance betwen the Ripples
and Θ1C d ∼ 3.4 pc, and masses Mg for the globules of 0.3, 0.5 and 1.5 solar masses (calculated
using the above method) we find mass loss rates of 2.8, 3.8 and 7.4 ×10−6M"yr−1.

3 Kelvin Helmholtz wavelength

The Kelvin Helmholtz (KH) wavelength for an interface between fluids of densities ρc and ρf

(cloud and flow respectively), with flow velocity vf and in a gravitational field of acceleration
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The maximum acceleration amax can be estimated assuming that the flowing wind and molecular
cloud are in dynamical equilibrium. That is, the wind has transfered all it’s kinetic energy to
the cloud. Thus :
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f so that the forces exerted on the cloud are:
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fS, (12)

where S is the contact surface between the flow and cloud. Assuming a cylindrical geometry,
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New images

Near IR images of Orion Ripples from European Southern Observatory in Chile



- The infrared interstellar medium

- Evolution of carbonaceous nano-grains in the interstellar medium

- Using mid-IR emission of carbonaceous nanograins to probe astrophysical 
environments

- Discovery of Kelvin-Helmholtz instability in the interstellar medium

- If there is time: the story of the Football/Soccerball molecule in space

- Acknowledgements
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Fullerenes (buckyballs) in space !

lines that are characteristic for the low-density
gas environment of PNe. The infrared continuum
is due to emission from circumstellar dust. For
carbon-rich environments, this dust is typically
amorphous carbon, which results in a featureless
continuum. Other common dust components re-
veal their presence through emission bands.

The spectra of most carbon-rich PNe are gen-
erally dominated by strong emission features due
to PAHs. These features are completely absent in
the spectrum of Tc 1. In addition, there is no trace
of even the simplest H-containing molecules
(such as HCN and C2H2) that are often observed
in carbon-rich proto-PNe. The Spitzer IRS spectrum
does show a few weak hydrogen recombination
lines, but these most likely originate from the
halo material farther out, where Ha emission is
also observed. Instead, the spectrum is dominated
by the prominent C60 bands at 7.0 (20), 8.5, 17.4,
and 18.9 mm, and furthermore exhibits weaker
features that are due to C70 (Fig. 1).

Emission processes result in band intensities
that are proportional to the Einstein A coefficients
for spontaneous emission and to the population of
the excited states. We scaled the experimentally
obtained relative absorption coefficients for the
C60 bands (1, 0.48, 0.45, and 0.378 for the bands at
18.9, 17.4, 8.5, and 7.0mm, respectively) (21, 22) to
absolute values by adopting a value of 25 km/mol
for the band at 8.5 mm (23) and converted them
to Einstein A coefficients. Using these, we cal-
culated the population distribution over the ex-
cited vibrational states from the total emitted power
in each of the C60 bands and found them to be
consistent with thermal emission, in which case
they are fully determined by a single parameter—
the excitation temperature—which we derived to
be ~330 K (19). The relative intensities of the in-
frared C60 bands in Tc 1 thus match what is ex-

pected for thermal emission at 330 K when using
experimentally obtained absorption coefficients.

It is well established from laboratory experi-
ments that the peak wavelengths and bandwidths
are temperature-dependent (24). The peak wave-
lengths in Tc 1 agree, within uncertainty, with
those found in laboratory experiments obtained at
temperatures comparable to our derived excita-
tion temperature (19, 25). We measured widths
(full width at half maximum) of ~10 cm−1 for the
bands at 18.9 and 17.4 mm, which agrees with
laboratory results (24–26); the bands at 7.0 and
8.5 mm are unresolved (19). We performed a sim-
ilar analysis for the C70 bands using appropriate
laboratory results (24, 27, 28) and obtained an
excitation temperature of ~180 K (19).

For comparison, we used the derived excita-
tion temperatures to construct thermal emission
models for both molecules (Fig. 1). The corre-
spondence between the laboratory-based emis-
sion model and the observations supports the
identification of these bands with fullerenes. The
absence of the corresponding spectral features of
fullerene cations or anions (e.g., 7.1 and 7.5 mm
for Cþ

60) implies that the fullerenes are in the
neutral state. All infrared active bands of both
species are fully accounted for in Tc 1; no other
clear spectral features remain unidentified in the
spectrum (19). The environment of Tc 1 thus re-
sults in a unique dust composition, but not in a
wide variety of dust components.

Our results suggest that the emission does not
originate from free molecules in the gas phase,
but from molecular carriers attached to solid ma-
terial. With an effective temperature for the cen-
tral object of ~30,000 K, the radiation field peaks
for photon energies in the range 6 to 10 eV, which
would result in excitation temperatures of 800 to
1000 K for large gas-phase species. The much

lower temperatures derived for the fullerenes thus
imply that these species are in direct contact with
a much cooler material. In this environment, the
most likely solid material is the surface of the
abundant carbonaceous grains present in the out-
flow. These solids are in radiative equilibrium
with the stellar radiation field, and thus their
temperature is determined by the distance from
the central object. If the fullerenes are in direct
contact with this material, they must be at the
same temperature and display a thermal popula-
tion distribution over the excited vibrational states,
such as we observe in Tc 1. The difference in
temperature between C60 and C70 then implies
different spatial locations, with C60 located closer
to the illuminating source than C70. This could
happen if C70 forms from C60 as it moves out.

The presence of only neutral fullerenes is in
agreement with an origin on grain surfaces, in
which case charge effects on individual mole-
cules are unimportant. In contrast, gaseous C60

would be largely in cationic form in this environ-
ment. Some observational support for an origin
in the solid state is also provided by the broad and
generally symmetric (Gaussian) band profiles. For
gas-phase species, vibrational anharmonicities
(and possibly ro-vibrational structure) would
result in asymmetric bands. Only a small fraction
of such gaseous material could be hidden in the
observed bands. The absence of gas-phase spe-
cies is puzzling and could indicate that the
fullerenes form on (or from) the dust grains and
never fully evaporate.

On Earth, fullerenes can be synthesized by
vaporizing graphite in a hydrogen-poor atmo-
sphere that contains helium as a buffer gas. The
fullerene formation process is very efficient, and
C60 is by far the dominant and most stable spe-
cies among the large cluster population formed in

A B

Fig. 1. The Spitzer IRS spectrum of Tc 1. (A) The entire range, 5 to 37 mm. (B)
Continuum-subtracted spectrum between 5 and 23 mm, where known for-
bidden emission lines are masked (19). We fitted a cubic spline to spectral
ranges devoid of features to determine the dust continuum (red dashed line).
The broad plateau between 11 and 13 mm is attributed to emission from SiC
dust (34, 35), and the well-known broad feature longward of 23 mm is be-
lieved to be due to MgS (36). Red arrows mark the wavelengths of all infrared
active modes for C60; blue arrows denote those of the four strongest, isolated

C70 bands. The red and blue curves below the data are thermal emission
models for all infrared active bands of C60 and C70 at temperatures of 330 K
and 180 K, respectively (19). We convolved the bands with a Gaussian profile
(s = 2.55 cm−1 for all C70 bands, s = 4.5 cm−1 for the C60 bands in the SH/LH
module, and s = 10 cm−1 for those in the SL module). Apparent weak emis-
sion bumps near 14.4, 16.2, 20.5, and 20.9 mm are artifacts. The nature of
the weak feature near 22.3 mm is unclear because it appears differently in
both nods.
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[Cami et al. Science 2010]

C60

C70
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0 µm;
λ/∆λ = 60–120) and the short-wavelength high-resolution module (SH;
10.0–19.5 µm; λ/∆λ = 600). We mark C60 lines at 7.04, 8.5, 17.4, and 18.9 µm
(vertical lines). The strong emission feature at 8.6 µm is due to PAHs. H2
emission lines fall at 9.66, 12.3, and 17.0 µm.

λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9 µm feature relative to
the 16.4 µm PAH feature. We used matched aperture extraction
in CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
extraction aperture was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.

We also retrieve from the Spitzer archive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
aorkey = 0011057920). We use CUBISM to derive spectral
images in the 16.4, 17.4, and 18.9 µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pixel, we define
a local continuum surrounding an emission feature or line and
subtract it before deriving the feature or line intensity.

We search for bad pixels and correct them with CUBISM
before extracting final spectra. We subtract dedicated sky spectra
for the 5–38 µm spectra of NGC 2023 and NGC 7023; no sky
subtraction is done for the spectral mapping.

3. RESULTS

Figure 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9 µm emission features are
prominent and coincident with C60 wavelengths.

We show the 5–9 µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emission feature at 7.04 ±
0.05 µm. This feature is coincident, within the uncertainties,
with the wavelength of the expected C60 line. We highlight this
emission feature by using PAHFIT (Smith et al. 2007a) to fit the
5–9 µm spectrum with a blend of PAH emission features in ad-
dition to the new emission feature at 7.04 µm. The full-width at
half-maximum of the 7.04 µm C60 feature is 0.096 ± 0.012 µm,
significantly broader than our spectral resolution. We also detect
the 7.04 µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.

In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9 µm
feature peaks closer to the central star than PAHs. We now illus-
trate this more clearly with the LL spectroscopic map extracted
in NGC 7023 (Figure 3). The 18.9 µm emission is clearly cen-
tered on the star. By contrast, the 16.4 µm PAH emission peaks
outside the region of maximum 18.9 µm emission, in a layer

Figure 2. Spitzer-IRS 5–9 µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5 µm (vertical lines). We show the individual
contributions of PAH features at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6 µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05 µm is highlighted
(magenta curve). The 8.5 µm C60 feature is blended with the strong 8.6 µm
PAH feature.

Table 1
Observeda and Calculatedb C60 Intensity Ratiosc

I7.04/I18.9 I8.5/I18.9 I17.4/I18.9

Object

NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01

Absorbed photon energy

5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38

Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04 µm
intensity ratio and 30% for the 17.4 µm intensity ratio. The observed 17.4 µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Ménendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9 µm feature intensity.

between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0 µm.

Our previous observations (Sellgren et al. 2007) suggested
that the 17.4 µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9 µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an image of
the 17.4 µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9 µm and 16.4 µm emission. The 17.4 µm
emission clearly shows one peak on the central star, coincident
with 18.9 µm C60 emission, and a second peak cospatial with
16.4 µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9 µm, which has a different
spatial distribution than PAHs traced by the 16.4 µm feature.

Our imaging spectroscopy demonstrates the spatial separation
between regions of peak PAH emission and peak C60 emission

[Sellgren et al. ApJ. 2010]
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0 µm;
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emission lines fall at 9.66, 12.3, and 17.0 µm.

λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9 µm feature relative to
the 16.4 µm PAH feature. We used matched aperture extraction
in CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
extraction aperture was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.

We also retrieve from the Spitzer archive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
aorkey = 0011057920). We use CUBISM to derive spectral
images in the 16.4, 17.4, and 18.9 µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pixel, we define
a local continuum surrounding an emission feature or line and
subtract it before deriving the feature or line intensity.

We search for bad pixels and correct them with CUBISM
before extracting final spectra. We subtract dedicated sky spectra
for the 5–38 µm spectra of NGC 2023 and NGC 7023; no sky
subtraction is done for the spectral mapping.

3. RESULTS

Figure 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9 µm emission features are
prominent and coincident with C60 wavelengths.

We show the 5–9 µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emission feature at 7.04 ±
0.05 µm. This feature is coincident, within the uncertainties,
with the wavelength of the expected C60 line. We highlight this
emission feature by using PAHFIT (Smith et al. 2007a) to fit the
5–9 µm spectrum with a blend of PAH emission features in ad-
dition to the new emission feature at 7.04 µm. The full-width at
half-maximum of the 7.04 µm C60 feature is 0.096 ± 0.012 µm,
significantly broader than our spectral resolution. We also detect
the 7.04 µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.

In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9 µm
feature peaks closer to the central star than PAHs. We now illus-
trate this more clearly with the LL spectroscopic map extracted
in NGC 7023 (Figure 3). The 18.9 µm emission is clearly cen-
tered on the star. By contrast, the 16.4 µm PAH emission peaks
outside the region of maximum 18.9 µm emission, in a layer

Figure 2. Spitzer-IRS 5–9 µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5 µm (vertical lines). We show the individual
contributions of PAH features at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6 µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05 µm is highlighted
(magenta curve). The 8.5 µm C60 feature is blended with the strong 8.6 µm
PAH feature.

Table 1
Observeda and Calculatedb C60 Intensity Ratiosc

I7.04/I18.9 I8.5/I18.9 I17.4/I18.9

Object

NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01

Absorbed photon energy

5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38

Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04 µm
intensity ratio and 30% for the 17.4 µm intensity ratio. The observed 17.4 µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Ménendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9 µm feature intensity.

between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0 µm.

Our previous observations (Sellgren et al. 2007) suggested
that the 17.4 µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9 µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an image of
the 17.4 µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9 µm and 16.4 µm emission. The 17.4 µm
emission clearly shows one peak on the central star, coincident
with 18.9 µm C60 emission, and a second peak cospatial with
16.4 µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9 µm, which has a different
spatial distribution than PAHs traced by the 16.4 µm feature.

Our imaging spectroscopy demonstrates the spatial separation
between regions of peak PAH emission and peak C60 emission

- Discovered in the lab in 1985 
[Kroto et al. Nature 1985]

- Discovered in space through IR 
spectroscopy with Spitzer in 2010

- Present in evolved stars and in the ISM

- Formation process ?

Tc1 planetary nebula (evolved star)

NGC 7023 reflection nebula (interstellar medium)

C60

Soccerball molecule in space



Standard formation process (bottom-up)

- Aggregation of C atoms, through rings, 
chains...

- In the dense and hot and H poor envelopes 
of evolved stars: nH >1011 cm-3,T=1500K

A. Fasolino (Radboud Univ. Nijmegen) 400 C atoms at 2000 K

[Cherchneff et al. A&A 2000]
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An unexpected discovery using Spitzer and Herschel

[Berné & Tielens PNAS 2012]

C60 is formed in the interstellar medium, 
at low density (nH=100 cm-3) ! 

Aggregation process not possible !

UV photons control C60 formation and 
PAH destruction and evolution ?
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The roll up route

- Graphene is a sheet of C atoms in hexagonal network, Graphene is an infinite PAH with no H 

- Direct transformation of a graphene flake into C60 observed under electron irradiation

[Chuvilin et al. Nature Chem. 2010]

©!2010!Macmillan Publishers Limited.  All rights reserved.!
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Figure 1 | Experimental TEM images showing stages of fullerene formation directly from graphene. a, The black arrow indicates a double layer of graphene,
which serves as the substrate. The white arrow indicates a strip of graphene (monolayer) adsorbed on this substrate. The dashed white line outlines a more
extended island of graphene mono- or bi-layer, which has its edges slightly curved on the left side. b, The final product of graphene wrapping: a fullerene
molecule on the surface of graphene monolayer (carbon atoms appear as black dots). c–h, Consecutive steps showing the gradual transformation of a small
graphene flake (c) into fullerene (g,h). The graphene lattice is filtered out of images c–h for clarity. (See Supplementary Video for a demonstration of the
dynamics of the entire process.).
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where Nc is the number of C atoms and E is internal energy in eV
(ref. 22, p. 184). Because typically the energy involved in these
reactions is a fair fraction of the total energy in the system, a cor-
rection has to be made to this excitation temperature. The finite
heat bath correction results in (22, 32)
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The preexponential factor can be set equal to
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kTe
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with ΔS the entropy change for which we will adopt 5 cal∕K (28).
ko is then, typically, ≃3 × 1016 s−1. The Arrhenius energy para-
meter, Eo, cannot be easily evaluated from theoretical calcula-
tions (33). Here, we use a fit to the experimental fragmen-
tation studies on small PAHs [<24 C atoms; (25)], which results
in Eo ¼ 3.3 eV (ref. 22, p. 204). The probability for dissociation
depends then on the competition between fragmentation and IR
photon emission,

pdðEÞ ¼
kðEÞ

kðEÞ þ kirðEÞ
; [11]

where kirðEÞ is the IR emission rate at an internal energy E. For a
highly excited PAH, kirðEÞ is approximately 1 s−1. The total frag-
mentation rate is then

kfrag ¼ pdðEÞkuvðEÞ; [12]

where kuvðEÞ is the absorption rate of UV photons with energy, E.
The photochemically driven H loss is balanced by reactions of

atomic hydrogen with dehydrogenated PAHs; namely,

PAH−H þH → PAHþ hν: [13]

The rate of this reaction has been measured to be ka ¼
1.5 × 10−10 cm3 s−1 for a number of small PAHs (28, 34). We
can define the dissociation parameter, ψ ¼ kanH∕kfrag. With
kuv ¼ 7 × 10−10NcGo, whereGo is the flux of UV photons in units

of the interstellar Habing field (35), we have ψ ≃ 0.2nH∕
NcGopdðEÞ. The hydrogen coverage of interstellar PAHs is a very
sensitive function of ψ , and a small increase of ψ can change
PAHs from fully hydrogenated to graphene (22, 34). This is illu-
strated for the circumovalene, C60H20, in Fig. S3. Thus, PAHs are
fully hydrogenated if ψ is much less than 1 and fully dehydroge-
nated if ψ is much larger than 1. Hence,

Go

nH
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!
1þ kirðEÞ

kðEÞ

"
[14]

provide a critical relation for the transformation of PAHs into
graphene. We have evaluated this relation assuming an absorbed
UV photon energy of 10 eV (Fig. 4).

Fullerene Formation
After formation of graphene, UV photoabsorption can lead to
loss of carbon from the skeleton. This fragmentation process
competes with stabilization through IR photon emission. The re-
action rate is again given by Eq. 7. We adopt ΔS ¼ 5 cal∕K, re-
sulting in ko ≃ 3 × 10−16 s−1, but the exact value is not critical. For
Eo, we have adopted the Arrhenius energy [3.65 eV (36)] derived
from experiments on the C loss from small catacondensed PAHs
(25). The calculated cohesive energy of carbon in graphene is
much larger, 7.4 eV per C atom (37) but that refers to typically
carbon inside the skeleton, and carbon at the edge will be less
strongly bound. Ref. 31 finds a theoretical value of 5.4 eV for
the C atoms at a zig-zag edge. Moreover, theoretical cohesive en-
ergies are not a good measure for the Arrhenius energy in unim-
olecular dissociation experiments (33). Given the low abundance
of gas phase carbon, the reverse reaction is unimportant and the
chemical lifetime [τ−1chem ¼ kfragðEÞ] has to be compared to the dy-
namical lifetime of the region. We have evaluated this chemical
lifetime for a typical internal energy of 10 eVas a function of the
size of the graphene sheet,Nc, and the results are shown in Fig. 4.

Application to NGC 7023.
To evaluate graphene formation in NGC 7023, we look at PAH
stability. The physical conditions in the nebula, characterized by
parameters G0 and nH , can be obtained (SI Text). As shown in
Fig. 4, H loss is very efficient in NGC 7023 for PAHs up to 70
C atoms. We then evaluate the timescale for the loss of C atoms
by the graphene flakes and compare this to the dynamical age of
the nebula for a ≃70 C atom PAH (Fig. 4). It appears that if we
adopt Eo ¼ 3.65 eV, C loss is rapid compared to the age of the
nebula.

20

40

60

80

100

120

140

10-3 10-1 101 103 105 107 109

C-lossA B

di
ff

us
e 

IS
M

N
C

G0/nH τchem [yr]

H-loss

ag
e 

of
  N

G
C

 7
02

3

N
G

C
 7

02
3

20

40

60

80

100

120

140

10-3 10-1 101 103 105 107 109 1011

Fig. 4. Photochemistry of PAHs in NGC 7023 (A) The red curve shows the evolution of the critical value when PAHs have lost half of their H atoms, as a function
of the physical conditions (G0∕nH where G0 is the radiation field in Habing units and nH is the density of H atoms in the gas in cm−3; see SI Text for details) and
the number of carbon atoms in the PAHmolecule NC . Above this line, PAHs are stable against dehydrogenation. Below this curve, PAHs rapidly loose all their H
atoms. The value of G0∕nH for NGC 7023 is shown; dark blue represents the “narrow” range, and clear blue represents the “broad” range of values for this
parameter (SI Text). (B) Timescale for the loss of a carbon atom by UV photon absorption as a function of graphene sheet size.
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The rate of this reaction has been measured to be ka ¼
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can define the dissociation parameter, ψ ¼ kanH∕kfrag. With
kuv ¼ 7 × 10−10NcGo, whereGo is the flux of UV photons in units

of the interstellar Habing field (35), we have ψ ≃ 0.2nH∕
NcGopdðEÞ. The hydrogen coverage of interstellar PAHs is a very
sensitive function of ψ , and a small increase of ψ can change
PAHs from fully hydrogenated to graphene (22, 34). This is illu-
strated for the circumovalene, C60H20, in Fig. S3. Thus, PAHs are
fully hydrogenated if ψ is much less than 1 and fully dehydroge-
nated if ψ is much larger than 1. Hence,
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provide a critical relation for the transformation of PAHs into
graphene. We have evaluated this relation assuming an absorbed
UV photon energy of 10 eV (Fig. 4).

Fullerene Formation
After formation of graphene, UV photoabsorption can lead to
loss of carbon from the skeleton. This fragmentation process
competes with stabilization through IR photon emission. The re-
action rate is again given by Eq. 7. We adopt ΔS ¼ 5 cal∕K, re-
sulting in ko ≃ 3 × 10−16 s−1, but the exact value is not critical. For
Eo, we have adopted the Arrhenius energy [3.65 eV (36)] derived
from experiments on the C loss from small catacondensed PAHs
(25). The calculated cohesive energy of carbon in graphene is
much larger, 7.4 eV per C atom (37) but that refers to typically
carbon inside the skeleton, and carbon at the edge will be less
strongly bound. Ref. 31 finds a theoretical value of 5.4 eV for
the C atoms at a zig-zag edge. Moreover, theoretical cohesive en-
ergies are not a good measure for the Arrhenius energy in unim-
olecular dissociation experiments (33). Given the low abundance
of gas phase carbon, the reverse reaction is unimportant and the
chemical lifetime [τ−1chem ¼ kfragðEÞ] has to be compared to the dy-
namical lifetime of the region. We have evaluated this chemical
lifetime for a typical internal energy of 10 eVas a function of the
size of the graphene sheet,Nc, and the results are shown in Fig. 4.

Application to NGC 7023.
To evaluate graphene formation in NGC 7023, we look at PAH
stability. The physical conditions in the nebula, characterized by
parameters G0 and nH , can be obtained (SI Text). As shown in
Fig. 4, H loss is very efficient in NGC 7023 for PAHs up to 70
C atoms. We then evaluate the timescale for the loss of C atoms
by the graphene flakes and compare this to the dynamical age of
the nebula for a ≃70 C atom PAH (Fig. 4). It appears that if we
adopt Eo ¼ 3.65 eV, C loss is rapid compared to the age of the
nebula.
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Fig. 4. Photochemistry of PAHs in NGC 7023 (A) The red curve shows the evolution of the critical value when PAHs have lost half of their H atoms, as a function
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the number of carbon atoms in the PAHmolecule NC . Above this line, PAHs are stable against dehydrogenation. Below this curve, PAHs rapidly loose all their H
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parameter (SI Text). (B) Timescale for the loss of a carbon atom by UV photon absorption as a function of graphene sheet size.
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tions (33). Here, we use a fit to the experimental fragmen-
tation studies on small PAHs [<24 C atoms; (25)], which results
in Eo ¼ 3.3 eV (ref. 22, p. 204). The probability for dissociation
depends then on the competition between fragmentation and IR
photon emission,

pdðEÞ ¼
kðEÞ

kðEÞ þ kirðEÞ
; [11]

where kirðEÞ is the IR emission rate at an internal energy E. For a
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The rate of this reaction has been measured to be ka ¼
1.5 × 10−10 cm3 s−1 for a number of small PAHs (28, 34). We
can define the dissociation parameter, ψ ¼ kanH∕kfrag. With
kuv ¼ 7 × 10−10NcGo, whereGo is the flux of UV photons in units

of the interstellar Habing field (35), we have ψ ≃ 0.2nH∕
NcGopdðEÞ. The hydrogen coverage of interstellar PAHs is a very
sensitive function of ψ , and a small increase of ψ can change
PAHs from fully hydrogenated to graphene (22, 34). This is illu-
strated for the circumovalene, C60H20, in Fig. S3. Thus, PAHs are
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nated if ψ is much larger than 1. Hence,
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provide a critical relation for the transformation of PAHs into
graphene. We have evaluated this relation assuming an absorbed
UV photon energy of 10 eV (Fig. 4).

Fullerene Formation
After formation of graphene, UV photoabsorption can lead to
loss of carbon from the skeleton. This fragmentation process
competes with stabilization through IR photon emission. The re-
action rate is again given by Eq. 7. We adopt ΔS ¼ 5 cal∕K, re-
sulting in ko ≃ 3 × 10−16 s−1, but the exact value is not critical. For
Eo, we have adopted the Arrhenius energy [3.65 eV (36)] derived
from experiments on the C loss from small catacondensed PAHs
(25). The calculated cohesive energy of carbon in graphene is
much larger, 7.4 eV per C atom (37) but that refers to typically
carbon inside the skeleton, and carbon at the edge will be less
strongly bound. Ref. 31 finds a theoretical value of 5.4 eV for
the C atoms at a zig-zag edge. Moreover, theoretical cohesive en-
ergies are not a good measure for the Arrhenius energy in unim-
olecular dissociation experiments (33). Given the low abundance
of gas phase carbon, the reverse reaction is unimportant and the
chemical lifetime [τ−1chem ¼ kfragðEÞ] has to be compared to the dy-
namical lifetime of the region. We have evaluated this chemical
lifetime for a typical internal energy of 10 eVas a function of the
size of the graphene sheet,Nc, and the results are shown in Fig. 4.

Application to NGC 7023.
To evaluate graphene formation in NGC 7023, we look at PAH
stability. The physical conditions in the nebula, characterized by
parameters G0 and nH , can be obtained (SI Text). As shown in
Fig. 4, H loss is very efficient in NGC 7023 for PAHs up to 70
C atoms. We then evaluate the timescale for the loss of C atoms
by the graphene flakes and compare this to the dynamical age of
the nebula for a ≃70 C atom PAH (Fig. 4). It appears that if we
adopt Eo ¼ 3.65 eV, C loss is rapid compared to the age of the
nebula.
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Fig. 4. Photochemistry of PAHs in NGC 7023 (A) The red curve shows the evolution of the critical value when PAHs have lost half of their H atoms, as a function
of the physical conditions (G0∕nH where G0 is the radiation field in Habing units and nH is the density of H atoms in the gas in cm−3; see SI Text for details) and
the number of carbon atoms in the PAHmolecule NC . Above this line, PAHs are stable against dehydrogenation. Below this curve, PAHs rapidly loose all their H
atoms. The value of G0∕nH for NGC 7023 is shown; dark blue represents the “narrow” range, and clear blue represents the “broad” range of values for this
parameter (SI Text). (B) Timescale for the loss of a carbon atom by UV photon absorption as a function of graphene sheet size.
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