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• Context : star formation and its feedback  
on the ISM

• Individual processes:
• ionization
• radiation pressure on dust + friction on gas
• stellar winds

• Difficult to disentangle in massive star forming 
regions (eg Orion)

• Massive runaway stars are ideal to study relative importance of the physical 
processes
• Not that rare 
• Can be found in clean environment (no recent SF, no high outside ISRF)
• Fast speed => study of out of equilibrium effects

BENCHMARKING STELLAR FEEDBACK



• HD34078 is an O9.5V runaway star :
• Traced back to binary-binary collision in Orion Trapezium region  

2.5x106 years ago (other ejected star : mu Columbae)

• Distance :  530 pc
• Proper motion : μ = 43 mas/yr  (Vt = 140 km/s)
• Radial velocity : Vr = 50 km/s
• Vwind ~ 800 km/s       dM/dt ~ 10-9.5 Msun/yr      Lbol~8x104 Lsun

• Visible absorption: studying the au-scale diffuse ISM 
(Rollinde et al 2003 Boissé et al 2005)

THE STAR: AE AURIGAE (HD34078)
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• Blaauw 1953 and Herbig 1958 
noted the recent interaction with 
Flaming Star Nebula (IC405).
• Star cleaned southern part of 

dust and gas

• B Band image : dust scattering 
enhanced in the forward direction

• This interaction was confirmed by 
Boissé et al. 2005 through UV 
absorption studies  
(large amount of excited H2)

• Diffuse environment:  
no CO detection in Dame et al. 
(or Planck maps)

THE AMBIENT MEDIUM: IC405
Red: Halpha, Blue : B band

Adam Block/Mount Lemmon SkyCenter/Univ. of Arizona



• Rocket-borne ultraviolet (France et al. 2004):
• ratio of nebular/star spectra increase in the blue region of the spectrum 
• Predict a small (<20”) fragment in front of the star 
 
Ratio of nebular surface brightness to star flux :

• H2 with FUSE (Boissé et al 2005)
• Large amount of excited H2 (J>5) on the line of sight 
• Photodissociation Region close to the star (𝜒 = 5x102–104 @ 0.2pc,  

nH= 5x103–5x104 cm-3)
• Rare occurrence : one of 2 known such stars (other HD37903)

WHAT IS KNOWN FROM UV/VIS ABSORPTION

the rocket result independently. Figure 6 shows a similar blue
S/F* at all four pointings. The log10(S/F*) was fitted at wave-
lengths unobstructed by terrestrial airglow lines or interstellar
absorption from 912–1150 8 in the Pos1 spectrum, where the
scattered stellar continuum was bright (the long wavelength
limit was chosen to avoid the sagittal focus occultation known
as ‘‘The Worm,’’ which was present in the data). We find that
the data are well matched by a linear fit with a slope of (8:4!
0:4) ; 10"3, averaged over all positions. For comparison, the
rocket-derived S/F* was fitted using the same procedure, and
the agreement is good, (8:7 ! 0:6) ; 10"3.

Figures 7 and 8 display the nebular spectra evolving from
the influence of a strong radiation field very near the star (Pos1,
!#105, where ! is the average interstellar radiation field;
Draine 1978) to the furthest offset, approximately 100000 to
the north (Pos4, !#103). Both spectra are overplotted with a
synthetic H2 emission spectrum created by a fluorescence code
similar to the one described in Wolven et al. (1997). Pos1 and
Pos2 are dominated by a scattered stellar spectrum with pro-
nounced H2 absorption troughs but only hints of H2 emission
near 1100 and 1160 8. Pos3 shows the scattered stellar spec-
trum less strongly as the influence of HD 34078 diminishes

with distance, and the H2 emission becomes clear. The sepa-
ration from the star is great enough at Pos4 ($2 pc at the stellar
distance of 450 pc) that the numerous fluorescent emission
lines appear strongly from 1050 8 to the end of the bandpass
near 1187 8. The observed nebular lines arise from electronic
transitions (B1!þ

u and C1"u to X 1!þ
g ) that decay from the

ground and first excited vibrational state (" ¼ 0; 1).

4. RESULTS AND DISCUSSION

The strong blue rise in IC 405 is remarkable because both
observational (Burgh et al. 2002; Witt et al. 1993; Murthy et al.
1993) and theoretical (Weingartner & Draine 2001) studies
find a decreasing albedo across the far-UV bandpass. What
mechanism is responsible for not only overcoming the fall-
ing albedo but increasing the observed nebular brightness?
We consider the following:

1. Peculiar dust-grain properties (unusual values of a and g)
in IC 405.
2. Strong fluorescent H2 emission that falls below the sen-

sitivity and spectral resolution of the rocket experiment.
3. Unusually small grain distribution leading to a strong

Rayleigh-scattered component of the nebular brightness.
4. An unusual dust emission process (extended blue

emission).
5. Differential extinction in IC 405 due to a complicated

local geometry or an intervening clump of gas and dust along
the line of sight to HD 34078.

4.1. Dust Modelingg

The dust scattering in IC 405 was modeled using a modified
version of the code described by Burgh et al. (2002), em-
ploying a Monte Carlo dust radiative transfer model (see also
Gordon et al. 2001). The model follows the path (direction
and position) of each photon in the nebula from its ‘‘creation’’ at
the position of the star until it leaves the nebula (i.e., its radial
position is outside the defined size of the nebula). The factors
that determine the position and direction of the photons during
their propagation through the nebula are the optical depth of the
dust, the fraction of photons scattered by the dust rather than
absorbed (the albedo), the angular distribution of the scattered
photons ( parameterized byg in the scattering distribution given
by the Henyey-Greenstein [1941] phase function), and the ge-
ometry of the dust distribution. Although Draine (2003b) has
argued that the HG function does not reproduce the scattering
function calculated from the optical properties of dust models in

Fig. 5.—Ratio of nebular surface brightness to stellar flux measured by the sounding rocket experiment. Note the rise of approximately 2 orders of magnitude to
the blue across the bandpass. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Open diamonds show the spatial profile of the flight data (exclud-
ing Ly# airglow). Postflight determination of the instrument line spread
function reproduces the flight profile. The dashed lines represent the portion
of the spectrograph slit unaffected by instrumental vignetting. Notice the
extension of the nebula beyond the stellar peak. [See the electronic edition of
the Journal for a color version of this figure.]
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• PdBI observations  
(Gratier et al 2014, A&A)

• CO(1-0) @ 4.4’’ resolution

• Bright globulettes (1-3K peak 
temperature)

• One just in front of and close 
(0.2pc) to the star 
=> Explains the peculiar 
properties

HIGH RESOLUTION CO TOWARDS HD34078
P. Gratier et al.: CO clumps resulting from the interaction of the HD 34078 star with the IC405 nebula

Fig. 1. Spatial distributions of the 12CO(1–0) line integrated intensities (top row) and their associated signal to noise ratios (bottom row). The
left/right columns show the data from the IRAM-30m only (at an angular resolution of 22.500), and the hybrid synthesis (PdBI + IRAM-30m at an
angular resolution of ⇠ 4.400), respectively. The levels of the contours displayed on the signal-to-noise maps are 5, 10, 15, 20, 25 and 30. O↵sets
are measured from the star position, as shown by the black star with the red arrow representing the on-sky motion for the next 1000 years. The
parabola represents the best fit to the wide scale blue band emission of star light scattered by dust. The beam is shown in the lower right of each
panel.

Data reduction was carried out using the GILDAS/CLASS
software. A 20 MHz-wide subset of the spectra was first ex-
tracted around each line’s rest frequency. We then computed
the experimental noise by subtracting a zeroth order baseline
from every spectra. A systematic comparison of this noise value
with the theoretical noise computed from the system tempera-
ture, the integration time, and the channel width, allowed us to
filter out outlier spectra. This amounted to a few tens over the
212 700 spectra of the full data set. The spectra where then grid-
ded to a data cube through a convolution with a Gaussian kernel
of FWHM⇠1/3 of the telescope beamwidth. Finally, we fitted
another baseline of order 3 through each spectra of the cube.
The two steps of baselining excluded a velocity range of 0 to
10 km s�1 LSR, where the signal resides.

2.3. Joint imaging and deconvolution of the interferometric
and single-dish data

Following Rodriguez-Fernandez et al. (2008), the
GILDAS/MAPPING software and the single-dish map from the
IRAM-30m were used to create the short-spacing visibilities
not sampled by the Plateau de Bure interferometer. In short,
the maps were deconvolved from the IRAM-30m beam in the
Fourier plane before multiplication by the PdBI primary beam
in the image plane. After a last Fourier transform, pseudo-
visibilities were sampled between 0 and 15 m (the diameter of
the PdBI antenna). These visibilities were then merged with
the interferometric observations. Each mosaic field was imaged
and a dirty mosaic was built combining those fields in the
following optimal way in terms of signal–to–noise ratio (Pety &
Rodríguez-Fernández 2010) :

J(↵, �) =
X
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�2

i
Fi(↵, �)

,X
i

Bi(↵, �)2

�2
i
.

Article number, page 3 of 10

CO(1–0)



• PdBI observations  
(Gratier et al 2014, A&A)

• CO(1-0) @ 4.4’’ resolution

• Bright globulettes (1-3K peak 
temperature)

• One just in front of and close 
(0.2pc) to the star 
=> Explains the peculiar 
properties

• Distance star – IR arc
wind mass flux may be 
300-1000 times larger the 
UV measurements  

HIGH RESOLUTION CO TOWARDS HD34078

A&A proofs: manuscript no. hd34078-pdbi-accepted

Table 1. Observation parameters. The projection center for the all the observations is ↵2000 = 05h16m19.143s, �2000 = 34�18052.3400 the position of
HD 34078.

Molecule Transition Frequency Instr. Config. Beam PA Vel. res. Int. Timea Tsys Noiseb Obs. date
GHz) (00) (deg) ( km s�1) (hr) (K) (mK)

12CO J = (1–0) 115.27120 PdBI 5D 5.1 ⇥ 3.8 139 0.2 8.5/19 200 140 Aug. 2011
Molecule Transition Frequency Instr. #pol Fe↵ Be↵ Res. Res. Int. Time Tsys Noiseb Obs. date

( GHz) (00) ( km s�1) (hr) (K) (mK)
12CO J = (2–1) 230.53800 30m/E2 2 0.91 0.59 11.2 0.4 7.1/20 460 140 May 2012
12CO J = (1–0) 115.27120 30m/E0 2 0.95 0.78 22.5 0.4 7.1/20 230 65 May 2012

Notes.

(a) listed as on-source time/telescope time (b) evaluated at the mosaic phase center (the noise steeply increases at the mosaic edges after
correction for primary beam attenuation, see top panel of Fig. 3)

Fig. 1. Spitzer 24 µm image towards HD 34078, from (France et al.
2007). Contours are equally spaced every 50 MJy/sr, starting from
100 MJy/sr. O↵sets are measured from the star position, displayed as
a black star. The red arrow represents the star on-sky proper motion for
the next 1000 years. The solid open white curve displays a parabola
pointing in this direction, with its focus at the star and a projected star-
apex distance Robs = 1500 (see Appendix A for a description of pro-
jection e↵ects in a paraboloid). The two dashed curves correspond to
variations of Robs by ±500. The closed white contour corresponds to the
region mapped with the PdBI interferometer. The right ascension axis
increases towards the left.

highly excited H2, indicating the unexpected presence of dense
(nH ' 104 cm�3) and strongly irradiated molecular gas at about
0.2 pc from the star (Boissé et al. 2005). The latter property could
be related to the recent interaction of the star with the IC 405 re-
flection nebula (Herbig 1958). Indeed, the emission of hot dust at
24 µm imaged with Spitzer/MIPS clearly delineates a parabolic
curve (see Fig. 1), interpreted as the tip of a bow shock resulting
from the interaction of the fast stellar wind with the preexisting
di↵use gas of IC 405 (France et al. 2007).

In order to gain 2D information on the molecular gas struc-
ture and kinematics in this bow shock, Boissé et al. (2009) con-
ducted sensitive 12CO(2–1) mapping in a narrow field of view
around HD 34078 using the IRAM-30m telescope at an angu-
lar resolution of 1200. On top of a widespread CO component,
brighter emission was detected in a clumpy “filament” peaking
slightly below the 24 µm arc, confirming ongoing interaction be-
tween the star and the surrounding cloud. However, the CO ve-
locity field showed a gradient mainly perpendicular to the star-
apex axis, instead of mainly along this axis as expected for a

steady-state wind bow shock (see e.g. Wilkin 1996). In addition,
Boissé et al. (2009) noted that the apparent distance between
the star and the IR arc of 1500, corresponding to 0.04 pc at the
distance of HD 34078 (' 530 pc assuming MV = �4.2 Herbig
1999), is largely incompatible with the prediction for a stationary
bow shock for the wind mass-flux derived from UV line analy-
sis (Martins et al. 2005). They then proposed that we might be
witnessing the recent birth of the bow shock, or that radiation
pressure on grains might play a role in increasing its size. Al-
ternatively, the wind mass-flux might have been largely under-
estimated (as proposed by Gvaramadze et al. (2012) to explain
the IR bow shock size in ⇣ Oph) or some other under-appreciated
physical process could be at play.

Distinguishing between these hypotheses is crucial in order
to better understand the processes that govern the interaction be-
tween HD 34078 and the surrounding ISM, how they impact the
absorbing gas properties on the line of sight, and how they may
a↵ect the wind mass-flux determinations from IR bow shock
sizes in other runaway O stars. As a step towards this goal, we
mapped the bowshaped IR arc around HD 34078 in 12CO(1–0)
with the Plateau de Bure Interferometer (PdBI, complemented
with IRAM-30m single-dish data to provide the short-spacings)
at ' 400 resolution, comparable to the 24 µm Spitzer image and 3
times better than the 12CO(2–1) map of Boissé et al. (2009).

The observations and data reduction are presented in Sect. 2.
The resulting properties of the detected CO structures are de-
scribed in Sect. 3. We discuss their implications in Sect. 4. We
summarize and conclude in Sect. 5.

2. Observations and data reduction

Table 1 summarizes the interferometric and single-dish observa-
tions described in this section.

2.1. Interferometric observations and data reduction

Interferometric observations of HD 34078 were obtained at the
Plateau de Bure Interferometer (PdBI) operated by IRAM. These
observations where carried out with 5 antennas in the D config-
uration (baselines from 24 to 96 meters) in August 2011. We
observed a mosaic of 13 pointings that followed an hexago-
nal compact pattern with closest neighbors separated by half
the primary beam. The mosaic thus covers a field of view of
12000⇥10000. We used the D configuration of the array, yielding a
typical synthesized angular resolution of 4.400. The observations
include about 19 hours of telescope time. The on-source time
scaled to a 6 antenna array is 8.5 hours. Three correlator win-
dows of 40 MHz were concatenated to form a continuous band-
width of 300 km s�1 centered on the 12CO(1–0) rest frequency
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• Simultaneous: 
12CO(1-0), 12CO(2-1), 
13CO(1-0), 12CN(1-0).

• No signal in Dame et al. 
survey (9’) or Planck (15’) 
@ 1K Km/s sensitivity

• ~25 globules  
(~10K  Tpeak) mainly along 
dust ridge 

• timescale for CO 
photodissociation
• t=3x105 yr/chi  

(Av = 0.1-1mag,  nH = 
100 cm-3)

• chi = 102-104 G0 
• few 102  yr 

WIDE FOV CO WITH IRAM 30M

P. Gratier et al.: CO globulettes resulting from the interaction of the HD 34078 star with the IC405 nebula

Fig. 5. Contours ICO(1-0), B band, Halpha and WISE data.

Article number, page 5 of 21

30h: 200 square arcminutes 
0.2 K @ 22” and 0.5 km/s channels



WIDE FOV CO WITH IRAM 30M

• Zooming in on the closest clumps to the star
• CO coincides with dust bright/Halpha dark ridge

Fig. 2. Countours of the 12CO (1–0) integrated intensity laid over the H↵ (left panel) and B band from DSS (right panel) spatial distribution.

Fig. 3. Left: Spatial distribution of the 12CO (1–0) integrated intensity displayed in logarithmic scale to show the faint CO emission towards the
star sightline. Right: Countours of the 12CO (1–0) integrated intensity laid over the H↵ spatial distribution. The values of the contour levels are
displayed on the color scale of the 12CO (1–0) integrated intensity map. On both images, the numbers corresponds to positions where the H↵ and
Av extinction was estimated. Values for Av are given in Table 3.1.

bination of beam dilution and of the existence of a large intensity
dynamic over the mapped field of view. On the other hand, there
exists about 20 CO clumps over the field of view. They all are
small (size < 2200) and bright, with peak temperature between 5
and 15 K for 12CO(1–0), and between 10 and 25 K for 12CO(2–
1). All the detected clumps are physically within a distance of
⇠ 1.5 pc from HD 34078, where the star dominates the radiation
field. This is compatible with the fact that IC 405 is not detected
in 12CO surveys of the Galaxy (Dame et al. 2001; Planck Col-
laboration et al. 2013). The Planck 12CO(1–0) of type II maps
has a resolution of 150 beam diluting our observations to this

resolution yields an integrated intensity of 0.7 K km s�1 this is
1.5 times higher than the average noise value (0.45 K km s�1) of
the full sky Planck and one times the noise computed on a one
degree circle around the direction of HD34078.

The CO clumps cluster into two distinct regions. Most of
them lie along a S shape on the southern edge of the nebula,
while a few others appear on its northern edge. To precise this
statement, Fig. 5 shows the contour of the 12CO(1–0) emission
laid over various tracers of dust: The distribution of light scat-
tered by the dust in the B band, the absorption of the H↵ di↵use
emission, the black body emission of dust in various WISE band

Article number, page 4 of 21



• Dust extinction measured from Halpha
• Av ~ 2-3 => Transluscent gas 
• Standard X factor (NH2/ICO = 2x1020 cm-2/(Kkm/s) can be used.

H2-CO FACTOR IN TRANSLUSCENT GAS



• LVG modelling (RADEX+MCMC) 
of all observed lines (including  
upper limits)

• Typical results (molecular gas) 
• dense (105-106 cm-3) 
• cool (20 – 40K) 
• mass: 0.1–1 Msun 

• Molecularly rich: detected species 
in the clumps closest to star 
(chi~103)  
 
C2H, C3H2, C4H, HCN, HCO+, 
HNC, CS, CN, C18O,13CO

• Chemistry at 103–104 yr timescales

CLUMP PROPERTIES
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• Energy balance thermal+turb, gravitational terms

• Pressure terms:
• Ionisation pressure

• Radiation pressure

• Stellar winds

CLUMP DYNAMICS

CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII

D

0
BBBB@

3⇡ṄLyCR
↵?

1
CCCCA

1/2

. (8)

In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)

4. Discussion

PG: This section is still in construction.

– A paragraph summarizing the observational results.
– A section about why CO is so bright in translucent gas.
– A section about the virial state.
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII
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In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII
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In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

IRDI = 2⇡R3P =
4R2kBTII
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IH ii = 4⇡R3P =
4⇡R3nIIkBTII

D
(9)

In this expression, ṄLyC is the Lyman continuum rate of
emission of the ionizing photons from HD 34078, and ↵? is the
is the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (10)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII
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In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)

4. Discussion
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII
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In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)
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CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

I = 2⇡R3P =
4R2kBTII

D

0
BBBB@

3⇡ṄLyCR
↵?

1
CCCCA

1/2

. (8)

In this expression, ṄLyC is the Lyman continuum rate of emis-
sion of the ionizing photons from HD 34078, and ↵? is the is
the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (9)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)

4. Discussion

PG: This section is still in construction.

– A paragraph summarizing the observational results.
– A section about why CO is so bright in translucent gas.
– A section about the virial state.

Article number, page 12 of 15

CN lines, the derived values are given in Fig. 7. The method
requires high signal to noise for the weakest CN line to be able
to give meaningful opacities. In the case of 4 clumps (E, H, J
K), the CN opacity could not be determined. For the remaining
clumps the derived opacities are greater than one except for 2
clouds A and M. In the escape probability formalism, larger op-
tical depth translate in a reduced e↵ective critical density for the
lines.

ncrit,e f f = �ncrit (1)

with � the escape probability which has the following ana-
lytical expression in the Sobolev case

� =
1 � exp�⌧

⌧
(2)

where ⌧ is the line opacity. For the median value ⌧ = 2 the
opacity of the observed CN lines, the e↵ective critical densities
are lower that the optically thin critical densities by a factor 2.3
to a values of ⇠ 5 ⇥ 104 cm�3.

PG: With the full radiative transfert treatment described in
the previous paragraph, the individual CN line opacities are out-
puts of the fitting. These should be compared to the observed
HFS line fits. TBD

3.5. Estimation of the clump densities, from the column
densities and the source sizes

In section 3.1, we showed that the column densities can in this
case be measured from the standard XCO factor. We can thus
attribute a mass to each clump, as listed in column #7 and 8
of Table 3. The clump masses are low, with a median mass of
0.14 M�. Assuming the clouds are spherical, we can infer a den-
sity for each of the clumpsFor the 13 clumps for which the size
is determined. The density is listed the last column of Table 3.
The densities range from 2 ⇥ 105 to 40 ⇥ 106 with a median of
1 ⇥ 106 cm�3.

3.6. Dynamical properties of the clumps

The dynamical state of the clumps can be estimated by comput-
ing the each of the terms of the virial equation, we follow the
work of Ward-Thompson et al. (2006) and consider that a spher-
ical cloud will be contracting if the following inequality holds3

2U + 2T < G + I + P. (4)

U corresponds to the thermal energy of the gas, expressed as

2U = 3MkBT
m̄
, (5)

where M is the clump mass, kB the Boltzman constant, T the
temperature and m̄ the mean molecular weight. T is the turbu-
lent energy, given by

2T =
3M�V2

FWHM

8 ln 2
, (6)

3 The exact inequality written by Ward-Thompson et al. (2006) is

2U + 2T + 2R < G + I, (3)

where R is the rotational energy. As we have no information of the
rotation state of the clumps, we do not consider this terms here.

where �VFWHM is the full width at half maximum of radial ve-
locity spectral profile. The 8 ln 2 factor is used to convert from
the FWHM to the dispersion for a Gaussian function. G is the
self-gravitational potential energy

G = ⌘GM2

R
, (7)

where G is the gravitational constant, M the clump mass, R the
clump radius, and ⌘ is a factor of order unity that depends on
the density structure of the clump. Finally, since the clumps are
exposed to a strong UV radiation field, we can compute the ion-
ization pressure term acting on each clump. The virial term for
this pressure P is given by

IRDI = 2⇡R3P =
4R2kBTII
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. (8)

IH ii = 4⇡R3P =
4⇡R3nIIkBTII

D
(9)

In this expression, ṄLyC is the Lyman continuum rate of
emission of the ionizing photons from HD 34078, and ↵? is the
is the recombination coe�cient for atomic hydrogen (see Ward-
Thompson et al. (2006) for more details). For the star-clump
distance, D, we use the projected distance on the plane of the
sky. And for the H ii gas temperature, TII, we use the typical
temperature TII = 104 K.

The virial term for the radiative pressure of photons from the
stars acting on dust is given by

P = 2⇡R3Prad = 2⇡R3↵
Lbol

4⇡cD2 =
↵R3Lbol

2cD2 , (10)

where Lbol = 60000L� is the bolometric luminosity of HD34078,
R and D are the clump size and distance to the star as defined for
the ionization pressure term I and ↵ is a scaling factor between
0 and 1 representing the e�ciency of the transfer of momentum
from photons to gas molecules. It is composed of 2 terms, one
concerning the dust opacity, the second the dust-gas friction.

Table 4 lists the values of these individual terms for the
clumps. The last column is the sign of the ineqality 4. When the
value is <, the internal and turbulent terms (2U+2T ) are smaller
than the sum of the gravity and pressure terms (G + I + P). In
this case, all the clumps are confined. The pressure terms always
dominate the gravitational terms so the confinement comes from
external pressure and not gravity. The ionization pressure term
is always higher than the radiation pressure term.

PG: To assess how good the assumption that all clouds are
in the plane of the sky to compute the radiation and ionisation
pressure (the star-clump distance is needed tho compute these
values). I give in table 3, two estimates of G0, the first from PAH
emission assuming that NHtot = 2 ⇥ NH2 , NH2 being computed
from XCO; assuming [C]/[H] = 1.6 ⇥ 10�4; a constant PAH
fraction of 3.5 ⇥ 10�2; and a constant PAH emissivity at 11 µm.
The second estimate is a simple 1/distance2 with a calibration
taken on the Horsehead which is illuminated by a similar type
star (100G0 at 3.5pc)

4. Discussion

PG: This section is still in construction.

– A paragraph summarizing the observational results.
– A section about why CO is so bright in translucent gas.
– A section about the virial state.
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QUESTIONS TO BE ANSWERED

• Are the clumps preexisting or created by the interaction.
• What is the minimal initial overdensity needed to create 105–106 cm-3 

globules? 

• Why are there no clumps and no dust to the south. 

• Shape of the bow shock (cubic) / radiation pressure on dust (parabola)

Fig. 2. Countours of the 12CO (1–0) integrated intensity laid over the H↵ (left panel) and B band from DSS (right panel) spatial distribution.

Fig. 3. Left: Spatial distribution of the 12CO (1–0) integrated intensity displayed in logarithmic scale to show the faint CO emission towards the
star sightline. Right: Countours of the 12CO (1–0) integrated intensity laid over the H↵ spatial distribution. The values of the contour levels are
displayed on the color scale of the 12CO (1–0) integrated intensity map. On both images, the numbers corresponds to positions where the H↵ and
Av extinction was estimated. Values for Av are given in Table 3.1.

bination of beam dilution and of the existence of a large intensity
dynamic over the mapped field of view. On the other hand, there
exists about 20 CO clumps over the field of view. They all are
small (size < 2200) and bright, with peak temperature between 5
and 15 K for 12CO(1–0), and between 10 and 25 K for 12CO(2–
1). All the detected clumps are physically within a distance of
⇠ 1.5 pc from HD 34078, where the star dominates the radiation
field. This is compatible with the fact that IC 405 is not detected
in 12CO surveys of the Galaxy (Dame et al. 2001; Planck Col-
laboration et al. 2013). The Planck 12CO(1–0) of type II maps
has a resolution of 150 beam diluting our observations to this

resolution yields an integrated intensity of 0.7 K km s�1 this is
1.5 times higher than the average noise value (0.45 K km s�1) of
the full sky Planck and one times the noise computed on a one
degree circle around the direction of HD34078.

The CO clumps cluster into two distinct regions. Most of
them lie along a S shape on the southern edge of the nebula,
while a few others appear on its northern edge. To precise this
statement, Fig. 5 shows the contour of the 12CO(1–0) emission
laid over various tracers of dust: The distribution of light scat-
tered by the dust in the B band, the absorption of the H↵ di↵use
emission, the black body emission of dust in various WISE band
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A COHERENT PICTURE ?

P. Gratier et al.: CO globulettes resulting from the interaction of the HD 34078 star with the IC405 nebula

Fig. 5. Contours ICO(1-0), B band, Halpha and WISE data.
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• Ionization from HD34078 
enhances inhomogeneity through 
RDI => formation of clumps to 
the north

• Dust as accumulates on parabolic 
interface because of radiation 
pressure.

• Gas and biggest grains are 
decoupled

• CO rapidly photodissociates 
inside the parabola



• PDBI 150 pointing mosaic  
@ 5” 

• some clumps subdivide
• new even smaller globulettes

• few tens of Mjup

• clumps are brighter : 30K 
peak temperature

NOEMA: WIDE FOV + HIGH ANGULAR RES.



• PDBI 150 pointing mosaic  
@ 5” 

• some clumps subdivide
• new even smaller globulettes

• few tens of Mjup

• clumps are brighter : 30K 
peak temperature

NOEMA: WIDE FOV + HIGH ANGULAR RES.



• Bright CO detected near fast O type star in an otherwise diffuse nebula

• Transluscent, dense, cold globules that are found (mostly) along a parabolic 
dust ridge

• Study elementary stellar feedback  
processes

FINAL WORDS

Figure 2: RGB composite (red: WISE 22µm, green: WISE 12µm, blue: WISE 3.9µm) in the direction
of the 4 selected runaway stars. The contours are the Planck CO10 integrated intensity (darkest blue
1Kkm s�1and increasing by 1Kkm s�1). The arrow shows the direction of star proper motion. The white
squares are the 8.20 ⇥ 8.20 field of view that will be mapped at high sensitivity, in 7.5h each.

4

• How common is this ?

• survey of runaway stars in 
CO with 30m telescope 

• detection in 2 of 4 
sources




