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NGC 7023

HD 200775 (B star)

Molecular cloudNorth PDR

Cavity

South PDR

Spitzer IRAC 8 µm, PAH emission [Werner et al. 2004]
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Presence of bright and dense (above 105 cm-3) «filaments» of 1’’ thickness 
at the molecular atomic interface
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Polycyclic aromatic hydrocarbons (PAHs)

ANRV352-AA46-09 ARI 25 July 2008 4:36

1. INTRODUCTION
In the mid-1970s, ground-based and airborne studies revealed relatively broad emission features
in mid-infrared (mid-IR) spectra of bright HII regions, planetary nebulae (PNe), and reflection
nebulae. The opening up of the IR sky by the Infrared Space Observatory (ISO) and the Spitzer
Space Observatory has revealed the incredible richness of the mid-IR spectrum (Figure 1). Ad-
ditionally, the high sensitivity of these space-based observations has demonstrated that these IR
emission features are ubiquitous and are present in almost all objects, including HII regions, re-
flection nebulae, young stellar objects, PNe, postasymptotic giant branch (AGB) objects, nuclei
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Figure 1
(a) The mid-infrared spectra of the photodissociation region in the Orion Bar and in the planetary nebulae
NGC 7027 are dominated by a rich set of emission features. These features are labeled with the vibrational
modes of polycyclic aromatic hydrocarbon molecules at the top. Figure adapted from Peeters et al. 2002.
(b) Three spectra selected from the SINGS sample of nuclei of nearby galaxies. The measured ν Iν in units of
10−6 W m−2 sr−1 is shown as a function of rest wavelength in micrometers. Figure taken from Smith et al.
2007. Note the relative intensity variations between the CC and CH modes and among the CH out-of-plane
bending modes. The narrow features are atomic or ionic lines originating in the HII region or
photodissociation region.
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[Tielens 2008, Peeters et al. 2003]

[Léger, d’Hendecourt, Défourneau, 1989]

1984/1985 proposal that mid-IR bands are due to gas phase PAHs
[Léger & Puget 1984] [Allamandola, Tielens, Barker 1985]

Polycyclic Aromatic Hydrocarbons

No specific PAH molecule identified !

IRAC 8 filter PAHs in space are expected to be large...

a) b)

c)
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Fullerenes 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.

www.sciencemag.org SCIENCE VOL 329 3 SEPTEMBER 2010 1181
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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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(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.
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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

Tc1 planetary nebula (evolved star)

NGC 7023 reflection nebula (interstellar medium)

2010 Discovery of the C60 molecule in emission in space

1985 Discovery of the C60 molecule in the lab

[Kroto, Heath,  Obrien, Curl,  Smalley, 1985]

The formation of C60 in space is not understood !
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C60 is formed in the interstellar medium, at low density 
(nH=100 cm-3) ! 

Aggregation (bottom up) process not possible !

C60 formation from photochemical PAH processing  ?

Conversion efficiency from PAHs to C60  ~0.1%
at 15’’ from the star in 105 years (age of the nebula)

From PAHs to C60

a)

b)

c)

d)
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Proposed scenarioO. Berné, J. Montillaud and C. Joblin: Formation of fullerenes in the ISM

2.3. Parameters for the specific case of the transformation of
C66H20 into C60

In this paper we consider the evolution of C66H20 for physical
conditions as determined observationally for NGC 7023 (see
next Section). We restrict ourselves to only a single molecule,
because the modeling of a complete population would require
large number of reactions and an unreasonable computation
time. The considered reactions are listed in Table. 1.

2.3.1. Reaction rates

The key parameters that enter the calculation of the reaction
rates k with the Laplace transform of the Arrhenius equation are
the activation energy E and the pre-exponential factor A (see
Montillaud et al. 2013). For the first reaction in Table 1, which
is the dehydrogenation of the molecule, we adopt the parame-
ters of Montillaud et al. (2013). The second reaction is the fold-
ing of the molecule. So far there are, to our knowledge no ex-
perimental works which have measured the rates for such reac-
tions. However, Lebedeva et al. (2012) conducted molecular dy-
namics simulations of the folding of the C96 and C384 graphene
nanoflakes. For these two molecules, they run simulations at sev-
eral temperatures and are able to derive the activation energies
and pre-exponential factors. They show that these parameters do
not vary significantly with size hence we adopt their values re-
ported for C96 (see Table 1). For the shrinking steps, we consider
individual reactions for each loss of a C2 unit. For these reac-
tions, Micelotta et al. (2012) used the results from the molec-
ular dynamics simulations of Zheng et al. (2007) and extracted
(based on a very limited set of simulations) a unique activation
energy of 0.35 eV. This is simply impossible (for instance the
loss of a loosely bound H atom at the edge of a PAH already
requires an activation energy of about 4 eV) and therefore we
consider their model to be incorrect. Quantum chemistry calcu-
lations and experimental results all point to energies of the order
of 8 eV (Zhang et al. 1992; Diaz-Tendero et al. 2003; Gluch
et al. 2004). Here, for the reactions of shrinking by loss of C 2 we
have used the experimental data of Gluch et al. (2004) (in good
agreement with theoretical data, see their Fig. 5). The correct
value for the pre-exponential factor is more difficult to derive.
A value of ks = 6 × 1017 s−1 gives better fits to the experimen-
tal results of (Gluch et al. 2004), however several studies (Matt
et al. 1999; Lifshitz 2000; Matt et al. 2001; Tomita et al. 2001)
point to higher values ranging between k s = 2 × 1019 s−1 and
ks = 2 × 1021 s−1. We consider the latter two values in separate
calculations in our model.

2.3.2. UV and infrared absorption/emission cross sections

The value for the infrared emission rate for PAHs and graphene
flakes are considered to be identical which is an acceptable ap-
proximation (ref ?). We write this parameter kPAHIR . The same is
done for the UV absorption cross section written σPAHUV . The val-
ues for these parameters are discussed in Montillaud et al. (2013)
and we adopt the same as theirs. For the infrared emission rate
of the cages kcIR we use the infrared emission rate ofC60 which is
given as a function of the energy of the UV photons by (Lifshitz
2000):

log10(kcIR) = 0.082 × EUV + 0.744, (1)

where EUV is the energy of the incident UV photon. For the ab-
sorption cross section of the cages, σcUV we also adopt the value
ofC60, which is given as a function of EUV in Berkowitz (1999).

Fig. 1. Schematic representation of the evolutionary scenario for the for-
mation of fullerenes from PAHs.

2.4. Physical conditions in NGC 7023

Since NGC 7023 is the template interstellar source for the study
of fullerene formation (Sellgren et al. 2010; Berné & Tielens
2012; Montillaud et al. 2013), we will model the photochemical
evolution of C66H20 for conditions found in this nebula. The for-
mation of C60 is though to occur inside the cavity between the
star HD 200775 and the the PDR situated 40” at the North-West
of the star. Here, we study four positions at 5, 10, 15 and 20”
from the star, situated on a cross cut that goes from the star to the
PDR. On the same cross-cut, we derive the spectral energy dis-
tribution of dust emission using archival data from the Herschel
space telescope. Using these SED, we derive the column den-
sity on the line of sight following Planck Collaboration et al.
(2011) using an average value for dust opacity of xxx. This yield
a column density profile, which we divide by the thickness of
the region derived by Pilleri et al. (2012) based on the modeling
of the PAH emission profile, i.e. 0.13 pc. The resulting density
profile is shown in Fig. ??. To obtain an analytical description
of this profile, we fit it with an exponential law (see Fig. ??).
The radiation field at the positions in the cut are derived as in
Montillaud et al. (2013). Based on these input parameters (den-
sity and radiation field), gas properties (temperature, fraction of
molecular hydrogen) at the four positions can be determined us-
ing the Meudon PDR code.
3. Results
The results are presented in Fig. 3 which show the time-
evolution of C66H20, Cplanar66 , Ccage66 , Ccage64 ,C

cage
62 , C

cage
60 , C

cage
58 and

C2, at distances of 20, 15, 10 and 5” from the star HD 200775
in NGC 7023. For these four positions, full dehydrogenation oc-
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Theoretical studies
Experimental studies

[Berné, Montillaud Joblin in Prep.] 9



Photochemical model for C66H20 to C60 in NGC 7023

Physical conditions in NGC 7023

[Montillaud, Joblin, Toublanc, 2013, A&A 552, A15]
Photochemical Model

- Time evolution of PAHs in fixed physical conditions
- Rate equation formalism
- UV photon absorption explicitly described including multiple photon absorptions
- Description of the internal energy of the molecules
- Cooling by infrared emission and visible emission for cages
- Dissociation using state of the art rate constants for the dehydrogenation, folding and shrinking steps
- Reactions with e-, H and C+

- Density profile derived from far-IR emission of dust with Herschel
- Radiation field : derived from the star spectral type
- Gas temperature, H/H2 abundance etc. derived using Meudon PDR code [Le Petit et al. 2006]

Work in progress ! (Berné, Montillaud Joblin in Prep.)
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- PAHs of 66 C atoms are quickly destroyed near the star (larger PAHs may survive)
- Graphene flakes (dehydrogenated PAHs) are unstable, we will not detect them (e.g. Kokkin et al. 2008)
- Shrinking is the process limiting C60 formation efficiency
- C60 is almost never destroyed, that’s why we see it
- The conversion efficiency of C66H20 is ~60% in 105 yrs at 10’’ from the star, 
- This means only a few 10th of a percent of the PAHs need to be of size ~ 66 C atoms to reproduce observations...

...but in reality, we don’t now anything about the size distribution of PAHs !!!!

Photochemical model for C66H20 to C60 in NGC 7023

Work in progress ! (Berné, Montillaud Joblin in Prep.)

Time (years)
10-4 10610410210010-2

The graphene−fullerene transformation proceeds as follows
(see supplemental movies in Supporting Information). At the
beginning of the MD simulations, bonds close to the flake
edges get broken due to the thermal excitations, and chains of
two-coordinated carbon atoms bound to the rest of the flake at
their ends are formed (Figure 2b and Figure 3b). The
formation of such chains is favorable as it is accompanied by a
significant entropy increase.4,5 So, first the number N2 of two-
coordinated atoms in the graphene flake increases (Figure 2f
and Figure 3e). The total energy E of the flake ascends
correspondingly (Figure 2f and Figure 3e). Occasionally bonds
between atoms at the flake edges are formed and broken again,
leading to a graduate reconstruction of the bond topology.
During a considerable period of time, the time-averaged
number N2 of two-coordinated atoms and the total energy E
of the flake stay nearly constant, while their instant values
fluctuate by 20−30% relative to the initial value and by 0.05−
0.1 eV/atom, respectively (Figure 2f and Figure 3e). As a result
of bond breaking and formation, the graphene flake, which is
almost flat initially, transforms at some moment into a bowl-
shaped structure (Figure 2c and Figure 3c). For large graphene
flakes, the formation of two bowl-shaped regions is possible
(Figure 2d). In such bowl-shaped carbon clusters, relatively fast
zipping of the edges occurs, leading to the drastic decrease of
the number N2 of two-coordinated atoms and the energy E of

the flake (Figure 2f and Figure 3e). Finally, a closed fullerene
structure is formed (Figure 2e and Figure 3d).
To characterize the kinetics of the graphene−fullerene

transformation in our simulations, we introduce the folding
time τ. We determine this time as the moment when the
number N2 of two-coordinated atoms reaches half of the initial
value N2(τ) = N2(0)/2 (Figure 2f and Figure 3e). The average
folding times ⟨τ⟩ calculated for the C96 and C384 graphene
flakes at different temperatures are given in Table 6. It is seen

that the average folding times ⟨τ⟩ decrease with increasing
temperature T and decreasing the flake size NC. We
approximate the average folding times ⟨τ⟩ for the considered
flakes with a simple Arrhenius expression

⟨τ⟩ = τ
⎛
⎝⎜

⎞
⎠⎟

E
k T

exp0
a

B (12)

Figure 2. (a−e) Structures obtained at different moments of time in
the MD simulations of the transformation of the C384 graphene flake at
temperature 3000 K: (a) 0 ns, (b) 5.1 ns, (c) 12.8 ns, (d) 14.7 ns, and
(e) 15.1 ns. (f) Calculated total energy E of this system (in eV; red
line) and number N2 of two-coordinated atoms (blue line) as
functions of time t (in ns). The energy is given relative to the initial
value. Moments of time corresponding to structures (a−e) are shown
using dashed lines. The folding time τ is indicated by straight solid
lines and a double-headed arrow. Black solid curves are shown to guide
the eye.

Figure 3. (a−d) Structures obtained at different moments of time in
the MD simulations of the transformation of the C96 graphene flake at
temperature 3000 K: (a) 0 ns, (b) 1.3 ns, (c) 2.9 ns, and (d) 4.0 ns. (e)
Calculated total energy E of this system (in eV; red line) and number
N2 of two-coordinated atoms (blue line) as functions of time t (in ns).
The energy is given relative to the initial value. Moments of time
corresponding to structures (a−d) are shown using dashed lines. The
folding time τ is indicated by straight solid lines and a double-headed
arrow. Black solid curves are shown to guide the eye.

Table 6. Calculated Average Folding Times ⟨τ⟩ and Root-
Mean-Square Deviations σ of These Times for Different
Temperatures T and Sizes NC of Free Graphene Flakesa

NC T (K) N ⟨τ⟩ (ns) σ (ns)

384 3500 8 1.5 0.46
384 3200 8 6.7 1.7
384 3000 7 16 4.1
96 3000 30 4.6 2.8
96 2800 30 16 8.6
96 2700 30 25 14

aThe total number N of simulations for each considered system is
indicated.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp212165g | J. Phys. Chem. C 2012, 116, 6572−65846577
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Fig. 2. The ratio of the emission strength of the 3.3 µm C-H stretching mode relative to the 
11.2 µm CH out-of-plane bending mode calculated for different  sized PAHs. This result is 
based upon the intrinsic strength of these modes calculated through density functional theory 
and calibrated against  laboratory studies. The different symbols represent results for two 
different  PAH families (based upon coronene and ovalene) and their good agreement 
illustrates the robustness of this ratio as a temperature and therefore size indicator. 

coronene

ovalene

0 100 200 300 400
N
carbon

0.01

0.10

1.00

10.00

3.
3/
11
.2

3.3 to 11.2 µm ratio as a tracer of PAH sizeHD200775
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Fig. F1 Spitzer IRAC image of NGC 7023 at 8 µm. The Spitzer IRS field of view is shown in 
black. The region that will be mapped with FORCAST, allowing on-chip chopping and 
nodding, is show in green (about  1.3x1.3’). The region mapped with FLITECAM  is much 
larger and covers an area larger than shown in the image. Units are MJy.sr-1
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Fig. 2. AKARI spectra at two positions within the reflection nebula NGC 7023. The

two positions sample the variation in intensity ratios of the mid-IR PAH features, which

has been interpreted as evidence of the transition from neutral to cation PAHs (Rapacioli
et al. 2005; Berné et al. 2007). From the left to the right spectra, the AKARI observa-

tions show the disappearance of the 3.4 µm emission feature, and an increase by a factor
2 of the intensity of the continuum relative to that of the 3.3 µm emission feature.

in aliphatic side groups attached to PAHs or in sur-hydrogenated PAHs, but also
possibly, combination bands and hot bands including the v = 2 – 1 aromatic C–H
transition, also contribute to the plateau and superimposed features (Allamandola
et al. 1989; Joblin et al. 1996; Bernstein et al. 1996). The near-IR continuum
has been observed to be a dominant component of the near-IR emission from the
diffuse ISM (Flagey et al. 2006), but it has never received a definitive interpre-
tation within the PAH hypothesis. The step-increase in the continuum intensity
across the 3.29 µm (Fig. 1) band strongly suggests that the continuum is asso-
ciated with the de-excitation of PAHs, but the emission process has still to be
characterized. Allamandola et al. (1989) proposed that the continuum repre-
sents emission though vibrational modes, which become weakly active in excited
PAHs. The combination of a large number of weak overlapping bands would make
a quasi-continuum with little spectral structure. Within this interpretation, the
step increase of the continuum emission across the C-H 3.29 µm feature could re-
flect the lower coupling efficiency between C-C and C-H modes than between C-C
modes. Fluorescence emission from an electronic excited state provides an alter-
native interpretation (Léger et al. 1988). Modelling (private communication from
Pino and Schmidt) supported by experimental data suggests that, in PAH cations,
the energy gap between the first excited state and the ground state may be small
enough for cations to fluoresce in the near-IR. A more detailed analysis of the data
will allow us to test this interpretation by looking for a spatial correlation between
the continuum emission and that of PAH cations inferred from the decomposition
of mid-IR spectra (Rapacioli et al. 2005; Berné et al. 2007).

4 Evidence for small dust processing

The nature of the small carbon dust particles has to be addressed within the
broad context of the evolutionary cycle that can link them to the amorphous
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Fig. F2 Left: Akari spectrum of NGC 7023 nebula (Boulanger et al. EAS 2011). Right: Spitzer 
IRS spectrum of NGC 7023. The SOFIA and Spitzer-IRAC filters are shown above.
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Observing strategy

small squares :  FORCAST chopping-nodding
large squares: FLITECAM with dithering

WISE band 3 image 
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FO37
FL33

IRAC8

Misalignment Rotation on the sky
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IRAC8

Data reduction
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Cross calibration
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- FORCAST11 map convolved and reprojected in the Spitzer IRS pixels at same wavelength

- Linear proportionality between the two maps

- But FORCAST intensities are lower than the Spitzer-IRS intensities by a factor ~3

Pixels close to the star, 
contamination by PSF
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Final images

FLITECAM 3.3

FORCAST 11

FORCAST 37
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FORCAST 37
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Basic «Science»
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FC33/FO11
IRAC8/FO11

towards star

- 8 to 11 µm ratio increasing towards star, suggesting PAHs are more ionized towards the star

- 3.3 over 11.1 µm ratio increases towards star, suggesting smaller PAHs close to the star (?!??)

- 3.3 over 11.1 µm ratio  ratio of the order of 2, i.e. corresponding to small PAHs ~20 C atoms or smaller... (?!??)

If the FORCAST image has higher flux by a factor 3, then the sizes are more of the order of 50-60 C atoms
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A puzzling structure

8000 AU

668 OKAMOTO ET AL. Vol. 706

(a) HD200775 at 8.8 m (e) HD200775
   at 18.8 m

(c) HD200775 at 11.7 m

(b) 8.8 m PSF (d)11.7 m PSF

(i) model

N

E

(f)18.8 m PSF (g) HD200775
   at 24.5 m

(h).24.5 m PSFµ
µ

µ
µ

µ

µ µ

µ

Figure 1. (a)–(h) 8.75, 11.74, 18.75 and 24.56 µm images of HD200775 (8.′′8 × 8.′′8 area for the 8.8 and 11.7 µm bands; 9.′′9 × 24.′′3 area for the 18.8 and 24.5 µm
bands) and the normalized PSF reference images (for 4.′′4 × 4.′′4 area). In all figures (a)–(i), the disk’s major axis is along the vertical axis and the scale is the same.
The color distribution is assigned from the peak brightness level down to the sky noise level for the object images. For the PSF images, from 1 down to the ratio of sky
noise level over the peak brightness of the object images at the same filter bands. For the detailed brightness levels, see Figure 2. (i) Best-fit model image at 8.8 µm
(see Section 4.1).

unresolved source and the PSFs. If we assume a Gaussian radial
profile for the unresolved source, it is estimated that the 95% of
the unresolved flux arises from r < 22 AU and r < 29 AU at
the 8.8 and 11.7 µm bands, respectively. Thus, the unresolved
MIR emission arises mostly from the circumstellar dust in the
vicinity of the central star(s). The elliptical emission has a posi-
tion angle of 6.◦9 ± 1.◦5 and is detected out to 750–1000 AU in
radius along the major axis (Figure 3). It is similar to the radii of
disk candidates around massive YSOs (Cesaroni et al. 2007) and
disks around low- and intermediate-mass stars (200–1000 AU;
Dutrey et al. 2007), while it is much smaller than the envelope
radius (28,000 AU) estimated from the north–south distance of
the CO cavity wall at the apex. The major axis of the diffuse el-

liptical emission is orthogonal to the cavity. Also the major axis
is in the same direction as the ascending node (P.A. = −0.◦2 ±
7.◦6) of the binary orbit. All the observed shape, size, and con-
figuration support that the elliptical emission arises from the
circumbinary disk around HD200775, which is in almost the
same plane as the binary orbit. The results strongly support that
the star formed through the disk accretion and that the disk
around a massive star still remains even after the outflow phase,
that is, the main accretion phase. The 18.8 µm tail extends to-
ward the southern edge of the northern part of the CO cavity
apex. It may indicate a structure that bridges the disk and the
outer region. The 24.5 µm image is relatively similar to that at
18.8 µm.

FORCAST 37

SUBARU
(Okamoto et al. 2009)

8000 A
U
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Outline

- The discovery of PAHs and fullerenes

- The chemical evolution of large cabonaceous molecules in NGC 7023, from PAHs to C60

- The size distribution of interstellar PAHs : SOFIA-FORCAST/FLITECAM 

- A short presentation of PDRs

- Evidence for intense dynamical activity in NGC 7023 seen with Herschel: photoevaporation

- Confirming this activity with SOFIA-EXES

Part 1 : physics and chemistry of PAHs and fullerenes

Part 1I : physics and chemistry of PDRs

Prelude : A short presentation of the NGC 7023 reflection nebula
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The physical structure of irradiated gas

Detailed PDR models generally consider either pressure equilibrium or constant density. 
They do not include the dynamical evolution of the PDR.

Atomic gas
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The concept of PDR
why focus on PDRs ?

Orion Nebula, WISE (NASA) 
Mid-infrared 3 color (green/blue = PAH, red=warm dust)
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The concept of PDR
why focus on PDRs ?

Akari (JAXA) all sky
mid-infrared PAH emission Ishihara, Onaka, Kataza et al. A&A 2010
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The concept of PDR
why focus on PDRs ?

M82 mid-infrared emission
Spitzer (NASA)
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The concept of PDR
why focus on PDRs ?

Emission from the PDR at the surface of a 
planet-forming disk around a young star  

Subaru telescope (NAOJ)
Muto et al.  2012 ApJL
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HIFI [CII] cube 

- 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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NGC 7023

Horsehead

Spitzer-IRAC 8 m

Spitzer-IRAC 8 m

HD 200775

North PDR

Molecular cloud

Molecular cloud

PDR

HII region

Herschel FoV

Herschel FoV

Integrated [CII] map Selected [CII] spectra

Cavity

South PDR

To Sigma-Ori

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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NMF decomposition of nebulae 3

product of a few (typically < 10) spectra and weight maps using the measured
noise in the data as the only input to the method and to provide an error
estimation at each point in the extracted spectra. The main algorithms we use
here are Lee & Seung’s NMF and K-means which we describe hereafter.

2.2 Lee & Seung’s NMF in our context

We define a new positive 2D matrix of observations X , the rows of which contain
the m × n, x spectra of C arranged in any order. We now assume that each
spectrum x is a linear combination of a limited number r, with r " m × n, of
unknown source spectra denoted si(v) where i is the source index, and additive
noise n(px, py, v) so that each row of X can be written as:

x(px, py, v) =
r∑

i=1

ai(px, py)si(v) + n(px, py, v), (1)

where the ai(px, py) “weight” coefficients are unknown. This can be re-written:

X = AS + N, (2)

where A is the m×n×r matrix of unknown coefficients of the linear combinations
and S is an r × l matrix, the rows of which are the source spectra and N is the
noise matrix. This is a typical blind source separation (BSS) problem [6], and can
be solved using multiple methods (e.g. [3], [8], [7]). Here, we use Non-Negative
matrix factorization [3] that is applicable because A and S are positive. The
objective is to find estimates of A and S, respectively W and H so that

X ≈ WH. (3)

This is done by adapting the non-negative matrices W and H so as to min-
imise the divergence δ(X |WH), defined as

δ(X |WH) =
∑

ij

(X ij log
X ij

(WH)ij
(4)

−X ij + (WH)ij), (5)

where the exponents i and j respectively refer to the row and column indexes of
the matrices. The algorithm used to achieve the minimization of the divergence
is based on the iterative update rule

Haµ ← Haµ

P
i WiaXiµ/(WH)iµP

k Wka
,

Wia ← Wia

P
µ HaµXiµ/(WH)iµP

ν Haν
. (6)

Divergence is non increasing under their respective update rules, so that
starting from random W and H matrices, the algorithm will converge towards
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Approach:

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.

The criteria, Euclidian distance
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The algorithm

- We ‘‘set’’ the number of rows of H
- W and H must be positive
- We start iteration with random W and H
- Monte-carlo estimation of errors with 100 initialization
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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).
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Proposed kinematic structure

dans la section 2.5.2 (Fig. 2.7). On remarque deux particularités pour ces raies : elles sont décalées en
fréquence et elles ont un profile pseudo-gaussien.

Un élément nécessaire à la compréhension de ces deux particularités est l’effet Doppler. L’effet
Doppler-Fizeau est le décalage en fréquence d’une onde électromagnétique entre la mesure à l’emission
et la mesure à la réception lorsque la source se déplace à une vitesse v par rapport à l’observateur. La
relation entre la fréquence observée f et la fréquence émise f0 est donnée par :

f =
(

1 +
v

c

)
f0 (3.1)

où c est la vitesse de la lumière.

3.1.1 Décalage en vitesse

Comme nous l’avions mentionné dans la section 2.5.2, les spectres observés sont décalés par effet
Doppler. En effet, les différentes composantes spatiales de la région étant en mouvement par rapport
à notre position, les fréquences d’émissions observées sont différentes de la fréquence émise. On en
déduit alors le décalage en vitesse de chaque composantes d’après (3.1).

Sur les résultats de la SAS, nous avions remarqué une symétrie entre les composantes “blue-shift”
(S1 à S3) et les composantes “red-shift” (S4 à S6). Cette symétrie par rapport à la vitesse systémique de
la région suggère que l’on observe des strates du nuage s’évaporant à des vitesses différentes. Ainsi plus
on s’éloigne de la surface du nuage, plus le flot d’évaporation semble décalé en vitesse, la géométrie de
la surface induisant qu’une partie du gaz s’évapore vers l’observateur, l’autre dans la direction opposée.
De plus il semble y avoir une relation entre la largeur des raies et la distance à la surface du nuage.
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Figure 3.2 – Schéma de la géométrie de NGC7023N et spectres associés.
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Proposed kinematic structure

dans la section 2.5.2 (Fig. 2.7). On remarque deux particularités pour ces raies : elles sont décalées en
fréquence et elles ont un profile pseudo-gaussien.

Un élément nécessaire à la compréhension de ces deux particularités est l’effet Doppler. L’effet
Doppler-Fizeau est le décalage en fréquence d’une onde électromagnétique entre la mesure à l’emission
et la mesure à la réception lorsque la source se déplace à une vitesse v par rapport à l’observateur. La
relation entre la fréquence observée f et la fréquence émise f0 est donnée par :

f =
(

1 +
v

c

)
f0 (3.1)

où c est la vitesse de la lumière.

3.1.1 Décalage en vitesse

Comme nous l’avions mentionné dans la section 2.5.2, les spectres observés sont décalés par effet
Doppler. En effet, les différentes composantes spatiales de la région étant en mouvement par rapport
à notre position, les fréquences d’émissions observées sont différentes de la fréquence émise. On en
déduit alors le décalage en vitesse de chaque composantes d’après (3.1).

Sur les résultats de la SAS, nous avions remarqué une symétrie entre les composantes “blue-shift”
(S1 à S3) et les composantes “red-shift” (S4 à S6). Cette symétrie par rapport à la vitesse systémique de
la région suggère que l’on observe des strates du nuage s’évaporant à des vitesses différentes. Ainsi plus
on s’éloigne de la surface du nuage, plus le flot d’évaporation semble décalé en vitesse, la géométrie de
la surface induisant qu’une partie du gaz s’évapore vers l’observateur, l’autre dans la direction opposée.
De plus il semble y avoir une relation entre la largeur des raies et la distance à la surface du nuage.
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Figure 3.2 – Schéma de la géométrie de NGC7023N et spectres associés.
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dans la section 2.5.2 (Fig. 2.7). On remarque deux particularités pour ces raies : elles sont décalées en
fréquence et elles ont un profile pseudo-gaussien.

Un élément nécessaire à la compréhension de ces deux particularités est l’effet Doppler. L’effet
Doppler-Fizeau est le décalage en fréquence d’une onde électromagnétique entre la mesure à l’emission
et la mesure à la réception lorsque la source se déplace à une vitesse v par rapport à l’observateur. La
relation entre la fréquence observée f et la fréquence émise f0 est donnée par :

f =
(

1 +
v

c

)
f0 (3.1)

où c est la vitesse de la lumière.

3.1.1 Décalage en vitesse

Comme nous l’avions mentionné dans la section 2.5.2, les spectres observés sont décalés par effet
Doppler. En effet, les différentes composantes spatiales de la région étant en mouvement par rapport
à notre position, les fréquences d’émissions observées sont différentes de la fréquence émise. On en
déduit alors le décalage en vitesse de chaque composantes d’après (3.1).

Sur les résultats de la SAS, nous avions remarqué une symétrie entre les composantes “blue-shift”
(S1 à S3) et les composantes “red-shift” (S4 à S6). Cette symétrie par rapport à la vitesse systémique de
la région suggère que l’on observe des strates du nuage s’évaporant à des vitesses différentes. Ainsi plus
on s’éloigne de la surface du nuage, plus le flot d’évaporation semble décalé en vitesse, la géométrie de
la surface induisant qu’une partie du gaz s’évapore vers l’observateur, l’autre dans la direction opposée.
De plus il semble y avoir une relation entre la largeur des raies et la distance à la surface du nuage.
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Figure 3.2 – Schéma de la géométrie de NGC7023N et spectres associés.
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dans la section 2.5.2 (Fig. 2.7). On remarque deux particularités pour ces raies : elles sont décalées en
fréquence et elles ont un profile pseudo-gaussien.

Un élément nécessaire à la compréhension de ces deux particularités est l’effet Doppler. L’effet
Doppler-Fizeau est le décalage en fréquence d’une onde électromagnétique entre la mesure à l’emission
et la mesure à la réception lorsque la source se déplace à une vitesse v par rapport à l’observateur. La
relation entre la fréquence observée f et la fréquence émise f0 est donnée par :

f =
(

1 +
v

c

)
f0 (3.1)

où c est la vitesse de la lumière.

3.1.1 Décalage en vitesse

Comme nous l’avions mentionné dans la section 2.5.2, les spectres observés sont décalés par effet
Doppler. En effet, les différentes composantes spatiales de la région étant en mouvement par rapport
à notre position, les fréquences d’émissions observées sont différentes de la fréquence émise. On en
déduit alors le décalage en vitesse de chaque composantes d’après (3.1).

Sur les résultats de la SAS, nous avions remarqué une symétrie entre les composantes “blue-shift”
(S1 à S3) et les composantes “red-shift” (S4 à S6). Cette symétrie par rapport à la vitesse systémique de
la région suggère que l’on observe des strates du nuage s’évaporant à des vitesses différentes. Ainsi plus
on s’éloigne de la surface du nuage, plus le flot d’évaporation semble décalé en vitesse, la géométrie de
la surface induisant qu’une partie du gaz s’évapore vers l’observateur, l’autre dans la direction opposée.
De plus il semble y avoir une relation entre la largeur des raies et la distance à la surface du nuage.
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Figure 3.2 – Schéma de la géométrie de NGC7023N et spectres associés.
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Proposed kinematic structure

P~108 K.cm-3

P<107 K.cm-3

To reproduce High-J CO lines 
(Joblin et al. in prep, Koehler et al. subm.)
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Pressure and velocity gradients: Photo-evaporation
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Testing this scenario with EXESR.A. (deg.)
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Figure 1: a) Left: Spitzer IRAC 8µm images of the two PDR. Middle: Velocity
integrated map of the C+ line obtained with HIFI onboard Herschel. Right: C+ line
spectra measured at the peak emission positions of the two kinematical components
detected. b) Left: Proposed EXES slit positions overlaid on the map of the H2

1-0 S(1) line. The slit orientation is arbitrary. Right: Simulated EXES spectrum
with a resolution of 112,000 of the H2 0-0 S(5) line for two kinematical components
separated by 1 km/s (as C+, Figure 1 a)) and assumung a line width of 1 km/s.
The signal to noise ratio per resolution element is 10.

4

EXES slits Toy model

- If our scenario is correct, the velocity shift between the two components should be seen in H2 emission 

- Target the H2 S(5) pure rotational line at 6.91 µm (SOFIA only!)

- Resolution with EXES ~ 2.7 km/s

- SNR=10 per resolution element => 45 seconds per slit !



Thanks for you attention
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Please let me fly with SOFIA !
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Gas heating mechanisms 
FUV photo-electric heating

UV photon

Massive star

Eν ∼ 8eV

fast electron+ Ekin ∼ 3eV
IP ∼ 5eV

PAH

see recent review in [Verstraete et al. 2010] in «PAHs and the universe»

Heating efficiency depends mostly on the availability of neutral PAHs which can 
provide electrons, so on the recombination rate of PAHs with slow electrons 
which depends on :

- number of C atoms in PAH (higher recombination rate for small PAHs)
- the ionization parameter:

γ =
G0

√
T

ne ne ∼ 1.6× 10−4nH

In PDRs, when all 
carbon is ionized


