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AGB stars and their circumstellar envelopes

Li et al.: Photodissociation and chemistry of N2 in the circumstellar envelopes of carbon-rich AGB stars
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Fig. 1. Schematic structure of the CSE for a C-rich AGB star, which is divided into 6 regions for modelling purposes. (I): a degenerate
C/O core and He/H burning shell, (II): a convective shell, (III): a stellar atmosphere in which parent species are formed, (IV): a dust
formation shell with an expanding envelope, (V): an outer CSE where daughter species are formed primarily by photodissociation,
(VI): the interstellar medium (ISM). This study focusses on the outer CSE where chemistry is mainly driven by the photodissociation
of molecules.

is one of the most significant reactions in the outer CSE, which
directly a↵ects the abundances of many N-bearing species, such
as N, N2, HC2N, C3N, C3N– and C2N (Wakelam et al. 2010). Eq.
(1) is the primary destruction route of N2 in any region where
UV photons are present. From an observational point of view,
the direct detection of N2 is very challenging because it has no
permanent electric dipole and thus possesses no electric-dipole-
allowed pure rotational spectrum. The only reported detection
of molecular nitrogen is via its far-UV electronic transitions ob-
served in the interstellar medium (Knauth et al. 2004). One can
infer N2 indirectly through the protonated ion, N2H+ (Turner
1974; Herbst et al. 1977) or its deuterated form, N2D+. However,
neither N2H+ nor N2D+ have been identified in IRC +10216.
From the simulation point of view, Eq. (1) has usually not been
treated properly in models because these have not included N2
self-shielding. The importance of self-shielding of molecules in
CSEs was first noticed for CO some 30 years ago (Morris & Jura
1983). Even with an approximate treatment of CO self-shielding
(the ‘one-band approximation’), much better agreement was ob-
tained between simulations and observations.

We here employ the latest reported photodissociation rate
and shielding functions for N2 (Li et al. 2013; Heays et al. 2014)
to investigate the e↵ects in a chemical model of the CSE of IRC
+10216. These are based on a concerted laboratory (e.g., Ajello
et al. 1989; Helm et al. 1993; Sprengers et al. 2004; Stark et al.
2008; Lewis et al. 2008a; Heays et al. 2011) and theoretical (e.g.,
Spelsberg & Meyer 2001; Lewis et al. 2005; Lewis et al. 2008b;
Ndome et al. 2008) e↵ort over the last two decades. An update
was also made to the photodissociation of CO using the self-
shielding functions from Visser et al. (2009) following a simi-

larly large experimental e↵ort over the past decades. While the
absolute unshielded rates of both N2 and CO are changed only
at the level of ⇠ 30% with respect to the previous values (van
Dishoeck 1988), it is important to realize that the uncertainty in
the photorates is reduced by an order of magnitude. Also, we de-
velop and employ a new fully spherically-symmetric (SS) model
that computes the self-shielding of molecules in an isotropic in-
terstellar radiation field, rather than the usual plane-parallel (PP)
geometry.

The paper is organised as follows: the CSE model, the im-
provements in N2 and CO photodissociation, as well as the the-
ory and details for the evaluation of photodissociation rates for
the SS model are described in Sect. 2. The results and discus-
sion can be found in Sect. 3, followed by the concluding remarks
in Sect. 4. The impact of these improvements on the molecular
abundances in the CSE of IRC +10216 are discussed. Special
attention is given to those species which have already been de-
tected and those which may be detectable in the near future,
e.g., using the Atacama Large Millimeter/submillimeter Array
(ALMA). A full description of the SS model used for calculating
the photodissociation rates of CO and N2, together with the pro-
posed numerical methods for implementing molecular shielding
functions, are included in Appendices A and B.

2. Methods

2.1. CSE Model

The CSE model described in McElroy et al. (2013) was em-
ployed and extended in the present work. Specific details can
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• Often-studied carbon-rich AGB-star a.k.a. CW Leo  
• Cool and luminous: ~2700 K, ~10 000 L☉ 
• Pulsation period: ~630 days 
• Nearby: ∼130 pc 
• High mass-loss rate: 2x10-5 M☉yr-1 

• Mass estimate: ~ 1 - 2 M☉ 
• C/O ~ 1.4 

• more than 80 molecules detected 

The carbon star IRC+10216
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Leão et al. 2006 (VLT)

K. M. Menten et al.: Size, luminosity, and motion of IRC+10216

From measurements taken between 8 and 680 GHz, Menten
et al. (2006) determined the radio-to-submillimeter spectral in-
dex of IRC+10216’s radio emission to be 1.96 ± 0.04, which
is steeper than the value predicted for radio photospheres by
Reid & Menten (1997) and consistent with optically-thick
blackbody emission in the Rayleigh-Jeans regime (αBB ≡ 2).
Since we are observing emission consistent with a blackbody,
our measured diameter, d and brightness temperature, TB, di-
rectly deliver IRC+10216’s bolometric luminosity, L∗, via the
Stefan-Boltzmann law: L∗ = πd2σT 4

B, where σ is the Stefan-
Boltzmann constant. With TB = 1635 ± 82 K and d= 10.8 ±
0.1 AU (83 mas at D = 130 pc), we calculate L∗ = 3.3 ×
1037 erg s−1, or 8640 ± 430 L⊙. The last uncertainty does not
include a contribution from the distance uncertainty.

Although IRC+10216’s bolometric luminosity varies by a
factor of 2.5 over a light cycle, model calculations predict that
its radio flux varies by no more than ±10% between minimum
and maximum (Men’shchikov et al. 2001, and pers. comm.).
This is in excellent agreement with IRC+10216’s 850 µm light
curve derived from data taken with the James-Clerk-Maxwell-
Telescope3 and within their errors consistent with the radio
data discussed by Menten et al. (2006). Given this, a luminos-
ity derived from radio data at any time is close to the star’s
average luminosity. Our estimate gains in reliability since we
were able to determine IRC+10216’s long-wavelength (infrared)
phase, φIR

4, at the time of our VLA observations. As described
in Appendix A, we acquired data to determine a reliable value
for φIR, of 0.75. This means the luminosity we have determined
is very close to the average value indeed.

The (average) luminosity we determine, 8640 L⊙ (for D =
130 pc), is lower than the value of 14 000 L⊙ that Groenewegen
et al. (1998) find consistent with their multi-transition model-
ing of the CO emission from IRC+10216’s CSE, while Crosas
& Menten (1997) and De Beck et al. (2012) find 11 000 and
8500 L⊙, respectively, in similar analyses (all for D = 130 pc).

If we assume Teff = 2750 K for IRC+10216’s effective
temperature, i.e., the median value considered by Men’shchikov
et al. (2001) for their modeling, we calculate a diameter
of 3.8 AU for the star’s photosphere. This corresponds to
≈1.3 times the major axis of Mars’ orbit.

The derived luminosity is comparable to the value one de-
rives from the revised period-luminosity relation for carbon-rich
Miras established by Groenewegen & Whitelock (1996). For
our best fit period, 630 d (see Appendix A), this relation pre-
dicts a luminosity of 9830 L⊙. Finally, we note that, remarkably,
Becklin et al. (1969) in the very first publication on IRC+10216
derive 1031 W for its luminosity (assuming D = 200 pc), which
corresponds to 11 000 L⊙ for D = 130 pc.

4.1.2. Shape of the radio photosphere

Performing VLA observations with angular resolution and
wavelength similar to ours, Reid & Menten (2007) determined
the shapes and sizes of the radio photospheres of three M-type
AGB stars (o Ceti, R Leo and W Hya); the latter were all
close to 6 AU. While o Ceti’s radio photosphere has, like

3 http://www.jach.hawaii.edu/JCMT/continuum/
4 Conventionally, the phase, φ, quoted for an AGB star is the time,
measured as a fraction of its period, that has passed since optical maxi-
mum. Due to molecule formation, for most AGB stars, the IR maximum
lags ≈0.2 periods behind the optical maximum. This is well-established
for oxygen-rich Miras, but less so for carbon-rich ones (Smith et al.
2006).

Fig. 4. IRC+10216 as seen by GALEX in 2008 in the FUV band (see
Sahai & Chronopoulos 2010). The image has been smoothed from the
original resolution with a Gaussian kernel with a FWHM of 5 pixels.
The star symbol indicates the position of IRC+10216 and the arrow
represents its proper motion (corrected for the solar motion) for 5000 yr.

IRC+10216’s, an almost circular shape, those of R Leo and
W Hya appear to be significantly elongated. Formally, we find
a flattening, e (≡(a − b)/a) of 0.08 ± 0.02 for IRC+10216
(where a and b are the major and minor axis sizes, respec-
tively). From Table 2 of Reid & Menten (1997) we calculate
e = 0.07 ± 0.13, 0.36 ± 0.14 and 0.33 ± 0.14 for o Ceti, R Leo
and W Hya, respectively.

IRC+10216’s radio photosphere is almost perfectly round,
comparable to that of the much lower mass-loss star o Ceti.
Given its high mass-loss rate, IRC+10216 has been conjectured
to be on the verge of developing into a protoplanetary nebula
(PPN) and asymmetries in its circumstellar material have been
interpreted as signs for the onset of bipolarity (Osterbart et al.
2000). Here we emphasize that the radio emission is consis-
tent with an extended photospheric origin and does not show
the characteristics of a developing ultracompact HII region as
observed in the more evolved PPN CRL 618. For this object,
which has a ∼30 times higher mass loss rate than IRC+10216
(Young et al. 1992), VLA observations show an enhanced radio
flux associated with an extended ionized region that is elongated
along the PPN’s bipolar outflow axis (Kwok & Bignell 1984;
Martin-Pintado et al. 1993).

4.2. Motion through the interstellar medium

Recent observations at ultraviolet, FIR and submillimeter wave-
lengths provide evidence for an interaction of IRC+10216’s
outflowing envelope and the ambient ISM. Knowledge of the
star’s motion is an important parameter in any modeling of this
phenomenon.

Sahai & Chronopoulos (2010) present near and far ultravio-
let (NUV and FUV) imagery obtained with the Galaxy Evolution
Explorer (GALEX) of an area of ≈1 degree diameter centered
on IRC+10216, which shows the object’s “astrosphere” (Fig. 4).
It exhibits a textbook picture of phenomena expected from the
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Distribution of molecules and dust
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Cernicharo et al.: Molecular Shells in IRC+10216

for the 12CO J=2-1 and J=1-0 lines, and 11.500 and 2300 for the
13CO J=2-1 and J=1-0 lines.

The relative positions of the 9 ⇥ 2 sky-channels of HERA
were measured on the first (0,0) map. There, the star and its sur-
roundings appear in CO emission as a bright compact source.
We found shifts of up to 2” from the nominal channel positions.
We measured the relative calibration of the 9 ⇥ 2 channels of
HERA; di↵erences of up to 20% were found. The shifts and cor-
rection factors were applied and the data re-sampled on a com-
mon grid with �↵ = �� = 200 before merging the di↵erent sky
and polarization channels into a single map. The r.m.s noise per
0.4 km s�1-wide channel, after averaging overlapping maps and
both polarizations over a grid with points separated every 200,
varies between 0.14 K in the central positions and 0.06 K at the
map borders (±24000,±24000).

The EMIR observations consisted of a partial map of 13CO
J = 1 � 0 emission, and of deep integrations of 12CO J = 2 �
1, 1�0 along selected strips. The EMIR 13CO J = 2�1and1�0
and 12CO J = 1 � 0 data were observed in the raster mode and
consisted of maps of 120 ⇥ 12000 and of strips extending up to
±72000 from the star (reference position was 15 arcmin west from
the star). The typical r.m.s noise per channel of 0.4 km s�1 is 0.06
K). These data are used in section 3.1 to derive the gas physical
properties through the envelope.

The 30-m telescope response to point sources is not re-
stricted to a Gaussian beam with (FWHP of 1100), but includes
near side-lobes and an error beam. The latter has been measured
at 230 GHz and at 115 GHz and contains 25% and 14%, re-
spectively, of the energy collected by the telescope, and extends
over the entire IRC+10216 envelope. At 230 GHz, it can be ap-
proximated by 3 Gaussians with FWHP of 6500, 25000, and 86000
(Kramer et al., 2013). The signals observed at position (0,0) are
then significantly a↵ected by the response of the error beam to
the outer envelope and those observed in the outer envelope are
a↵ected by the compact central source. Since our map fully cov-
ers the bulk of the envelope CO emission (whose diameter is
 40000), we were able to correct the response of the error beam
in every velocity-channel at each observed position. The error-
beam corrected velocity-channel maps are shown in Figure 1 for
the central 40000 ⇥ 40000 region. The maps prior to error-beam
correction may be found in the appendix of the electronic ver-
sion of this paper. Figure 2 shows the 12CO(2-1) intensities prior
to and after this correction along a cut at the declination of the
central star. The contribution of the error beam at the frequencies
of the J=1-0 lines of 12CO and 13CO is much less important as
this beam is weaker and broader, and has not been removed from
the data.

Finally, Figure 3 shows the central frame of a video (online)
showing the spatial distribution of the CO emission at di↵erent
velocities. The CO data have been re-sampled to a velocity reso-
lution of 0.1 km s�1, and hence, there is a significant correlation
between consecutive frames in the online video.

3. Results and discussion

Given that the outer envelope is in expansion with a constant ve-
locity of 14.5 km s�1, each velocity-channel map of Figures 1
and 3 delineates a conical sector (of opening ✓ and thickness
�✓), whose axis is aligned with the line of sight to the star
CW Leo. The extreme velocities correspond to the approach-
ing and receding polar cones and caps, while the middle ve-
locity (v = VLS R � V⇤ = 0 km s�1, where V⇤ is the star LSR
velocity,V⇤ = �26.5 km s�1) corresponds to a cut through the
star in the plane of the sky.

Fig. 3. Main beam-averaged 12CO(2-1) line brightness tempera-
ture observed at VLS R-V⇤=0 km s�1 (�v=0.1 km s�1). This is the
central frame of an online video showing the distribution of the
12CO line emission at di↵erent velocities.

The multiple shell structure traced by the CO(2-1) emission
near v = 0 km s�1 is spectacular. It consists of at least seven
distinct shells of radii ranging from r = 4500 to r = 17000 and
with a fairly high shell-intershell brightness contrast. We know
from interferometric maps of reactive molecules (Guélin et al.,
1999; Trung & Lim, 2008), as well as from V-band images of
scattered light, that more shells or pieces of shell are present at
smaller radii: r ' 1600, 2500 and 3500. Those are, however, too
tight and/or too close to the bright central source to be resolved
by the 1100 telescope beam. The shells on Figure 1 seem fairly
spherical, albeit not necessarily centred on CW Leo. Some are
locally flattened. A nice spiral structure may be seen at velocities
±8 and ±10 km s�1 , which suggests, as discussed below and al-
ready indicated by Guélin et al. (1993), that CW Leo is a binary
star with its orbital plane near to a face-on view. As a result of
o↵-centring, the shells intersect at several places, possibly a pro-
jection e↵ect, tracing a pattern reminiscent of the rose-window
filaments observed by the HST in a number of planetary nebulae
(Balick & Frank, 2002, and references therein).

Obviously, the outer shell pattern teaches us about the mass
loss history during the past 104 yr. It tells us how the envelope
expanded and how far it is penetrated by IS UV radiation, which
is a powerful booster of radical-neutral chemistry.

3.1. Mass loss history

We may estimate the masses of the envelope from the line bright-
ness of key molecules in three di↵erent ways.

I) The first method focusses on lines from molecules
formed in the upper atmosphere of the star: CO, HCCH, HCN
(Cernicharo et al., 1996b; Fonfrı́a et al., 2008). The initial abun-
dances of those “parent” molecules, x0, can be estimated from
thermochemical equilibrium calculations (see e.g. Agúndez et
al., 2010). In C-rich envelopes, the abundance of CO is close
to that of oxygen and remains stable up to the CO photodis-
sociation region (see below). Agúndez et al. (2012) analysed
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Fig. 12. Contour levels of the CO(2-1) line intensity superim-
posed on the PSF-deconvolved, halo-subtracted 100µm map of
PACS (Fig. 2 of Decin et al., 2011). (Left: CO in the velocity
interval (V-V⇤)=± 2 km s�1; right CO integrated over all veloci-
ties). Light blue contours levels: 1 to 6 K by steps of 1 K, yellow
contours: 10 to 70 K.kms�1 by 1 K.kms�1. The dark blue contour
levels represent 0.9 times the adjacent light blue contour levels
and the green contours 0.85 times the adjacent yellow contours.

an overall correlation of the CO and FIR dust emissions seems
clear.

Observations of the CO(2-1) emission, at a much higher res-
olution, are in progress with the SMA, the PdB Interferometer,
and for the inner envelope, ALMA. The CO shells, viewed with
an angular resolution of 300 or higher appear thinner and more
clumpy than in Figure 1. These di↵erences make it ine↵ectual
to try to simulate the pattern of Figure 1, which is a↵ected by
beam smearing, more precisely. A definitive assessment the bi-
nary scenario must await completion of the interferometer maps.

After the submission of this article, we learned about the
publication of a first ALMA study of the close surroundings
(r < 300) of CW Leo (Decin et al., 2014), and the discovery of a
faint point-like object near CW Leo that could be a companion
star (Kim et al., 2014). The 13CO (6-5) emission is resolved by
ALMA into a central source plus a couple of arc-like features
at ' 200 from CW Leo. Those are interpreted as part of a spi-
ral structure induced by a companion star. The period (55 years)
and orbit (diameter 20-25 AU, seen edge-on) of such a com-
panion are however quite di↵erent from those of our model and
would be di�cult to reconcile with our outer envelope observa-
tions, in particular with the cusped molecular line shapes and
the spherical 3D shape of the observed shells. The small field
of view of the ALMA observations and lack of short spacings
(which causes a negative lobes in the maps) preclude following
the arc-like features at radii larger or smaller than 200, making
the identification of a spiral very tentative for the time being.
The arc-like features, on the other hand, could be pieces of a
new shell, ejected some 80 yr ago when our model companion
was near periastron.

The point-like object, discovered by Kim et al. (2014) on
2011 HST images, is interpreted by these authors as a possible
companion M star. Its apparent distance from CW Leo (0.500, or
65 AU) is compatible with that of our model companion.

4. Conclusion

Our 12CO(2-1) and 13CO(2-1) line emission maps of
IRC+10216, made with the IRAM 30-m telescope, reveal the
presence of over-dense spherical shells, some of which have al-
ready been noticed on optical images or in the dust thermal emis-
sion. The CO emission peaks on the central star, CW Leo, but
remains relatively strong up to r = 18000 from that star. Its in-

tensity drops or vanishes further out. We interpret the sudden
decrease of the CO brightness to photodissociation and set the
photodissociation limit rphot to that radius.

The CO envelope fits well inside the large bow-shock dis-
covered by Sahai and Chronopoulos (2010) and must be freely
expanding into the cavity cleared up by the shock. Outside the
tiny (< 100) dust formation region where the expelled matter is
accelerated, the gas expands radially at a remarkably constant
velocity: 14.5 km s�1. For a distance of 130 pc, the photodis-
sociation radius corresponds to a look-back time of ' 8000 yr.
Because of CO self-shielding, CO should be a reliable tracer of
the molecular gas up to rphot, and the 12CO(2-1) and 13CO(2-1)
maps must teach us about the mass loss history in that period of
time.

The over-dense shells show that the mass loss process is
highly variable on timescales of hundreds of years. Previous
studies suggested that the average mass loss rate has strongly
decreased in the last few thousand years. Comparing the in-
tensities of the CO lines near the star, across the envelope and
beyond rphot we do not see evidence of such a decrease: the
mass-loss rate averaged over periods of 103 yr appears to be 2-4
10�5 M� yr�1 and to stay constant within a factor of 2, which is
about the accuracy attached to our mass derivation method.

The velocity-channel 12CO(2-1) emission maps, particularly
the map at the star velocity that traces the molecular gas in the
plane of the sky, show a succession of bright circles that denote
the rims of the over-dense shells. The circles are not concen-
tric as one may expect in the case of a spherical outflow, but
shifted by several arcsec in di↵erent directions; the outermost
shells extend farther to the N-NE. The typical shell separation
is 800 � 1000 yr and seems to increase outwards. The shell-
intershell brightness contrast is � 3 in the outer envelope.

These key features can all be accounted for if CW Leo has
a companion star with an excentric orbit and if the mass loss
increases when the companion is close to periastron. Another
mass loss mechanism that has been proposed is a cyclic mag-
netic activity at the stellar surface, similar to that on the Sun
(Soker, 2000). Mira-type oscillations and thermal pulses seem
to be ruled out because their periods are much shorter or longer
than implied by the shell separation. The angular resolution of
the CO observations reported here does allow us to not properly
resolve the shells and their substructures. Higher angular reso-
lution observations are currently in progress at the SMA, PdBI,
and ALMA. Hopefully, they will enable us to decide on the mass
ejection mechanism and yield more reliable values of the mass-
loss rate and of the shell-intershell density contrast. The latter
is of great importance for a better understanding of circumstel-
lar chemistry (see e.g. Guélin et al., 1999; Cordiner & Millar,
2009).
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• Karl G. Jansky Very Large Array, New Mexico, USA             
Interferometer: 27 antennas (25m) with new receivers, new correlator 

• Spectral line and imaging survey of IRC+10216 in 2011 and 2013             
(Mark Claussen, NRAO) 

• Large coverage & bandwidth: 18 - 50 GHz, 2 GHz 
• Unbiased unprecedented detail of ~1 arcsec resolution and                        

~1 mJy (per 125 kHz) sensitivity in ~ 51 hrs in total 
• Tracing UV-induced photochemistry of outer CSE

The VLA survey of IRC+10216
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Almost 20 species identified so far:  

HC3N  HC5N  HC7N  HC9N   

C3N  C3H  C4H  C5H  C6H  C8H  

C3N-  C5N-  C6H-  

MgNC  NaCN  C2S  C3S  C4Si  SiS  

+ isotopologues  

+ vibrationally excited states

Keller et al., in prep.
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The VLA survey of IRC+10216
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HC3N, HC5N and HC7N
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• Mass loss process is variable 
➡ stellar pulsations? 
➡ cyclic magnetic activity? 
➡ binary system? 
!

• Companion-induced spiral structure?  
➡ Orbital period: 55 yr,  800 yr                  

(Decin et al. 2014, Cernicharo et al. 2014) 
➡ Position angle ~ 20 deg (Decin et al. 2014) 
!

• Photochemistry of cyanopolyynes and 
hydrocarbons

Morphology of CSE

11

A&A proofs: manuscript no. article_ALMA_CWLeo_printer

Fig. 13. Sketch of the inner wind region
of CW Leo indicating the different observa-
tions/results which signal the presence of a bi-
nary companion. From the modeling of the
ALMA data, we infer an orbital axis with a PA
of ⇠20� (Sect. 8.1). The reflex motion of the
primary AGB star results in a one-armed spiral
structure that is seen almost edge-on and with
an extent almost reaching the orbital axis (full
red arcs). The dust lane with a radius of ⇠0.5–
100 situated in the orbital plane partly impedes
the expansion of the spiral shock in the orbital
plane direction (illustrated by the dashed red
arcs).

7.1. Binary-induced spiral structures

As shown in the seminal work of Mastrodemos & Morris (1999),
a binary companion might produce a spiral pattern in the circum-
stellar wind material. Kim & Taam (2012b) and Kim & Taam
(2012c) have studied the separate effects of the orbital motions
of the individual stars and have shown that two types of spi-
ral patterns are created. Firstly, a more flattened spiral pattern
confined within a very limited height from the orbital plane is
created due to the companion’s motion (Kim & Taam 2012b).
Secondly, a spiral-shell-shaped pattern is created due to the or-
bital motion of the mass-losing star around the center of gravity
(Kim & Taam 2012c). These two spiral patterns are different in
several ways. (1) The companion’s wake is attached to the com-
panion, while the pattern due to the motion of the mass-losing
star has a stand-off radius defined by the orbital and wind veloc-
ity (see Eq. 7 in Kim & Taam 2012c). (2) Secondly, the prop-
agation speeds of the patterns determining the shape are differ-
ent. However, in the case of AGB stars, this difference is very
small since the propagation speed of all patterns is close to the
wind speed, which dominates over the orbital and sound speed.
(3) Thirdly, while the arc pattern due to the reflex motion of the
mass-losing star nearly reaches the orbital axis and introduces an
oblate-shaped flattening of the circumstellar envelope density,
the direct effect of the companion results in a spiral structure
confined toward the orbital plane. When combining both types
of spiral structures, the hydrodynamical models show the pres-
ence of clumpy structures within the vertical extension limit of
the companion’s wake due to shocks.

Kim et al. (2013) presented PV diagrams at different incli-
nations for simulations including both types of spirals for the
carbon star CIT 6. Note that a spherical central region of 200 was
carved out in their simulations to mimic the central hole seen
in the observed HC3N data. The PV diagrams in their simula-
tions are dominated by the spiral induced by the reflex motion.
In Sect. 7.2, we will show that for spiral structures quite confined
towards the orbital plane and for position angles significantly

different than the orbital axis or plane, an S-type feature around
offset zero appears in a PV diagram around offset zero when
seen almost edge-on; a feature also seen in the ALMA data (see
Fig. 11).

7.2. Morpho-kinematical simulations

To understand the complex morpho-kinematical structure seen
in the 13CO PV diagrams and link the ALMA data to a 3D
shell pattern, we have used the SHAPE modeling tool (Steffen &
López 2006; Steffen et al. 2011). SHAPE is a flexible interactive
3D morpho-kinematical modeling application for astrophysics,
that is publicly available. By interactively defining 3D structures,
one can calculate intensity maps, PV diagrams, channel maps
and spectra. While eulerian 3D grid-based hydrodynamic simu-
lations are possible, in this work we use a purely mathematical
description of the object structure (see below). A 3D mesh is
constructed, which serves as a container of the emissivity and
velocity field. If a radiation transfer computation is done, the in-
formation in the mesh is then transfered to a regular cartesian
3D grid, which is used to compute the radiation transfer. The as-
set of SHAPE is that it is computationally very fast, which facili-
tates a first broad screening of the huge 3D kinematical and mor-
phological parameter space. The deduced model parameters can
then be used as input for a more detailed (hydrodynamical) sim-
ulation. Recently, a non-LTE (non local-thermodynamic equi-
librium) radiative transfer solver (SHAPEMOL) has been added
to compute molecular excitation levels (Santander-García et al.
2012, Santander-Garciía et al. (2014), submitted). This solver is
based on the well-known LVG (Large Velocity Gradient, Castor
1970) approximation, which significantly simplifies the radia-
tive transfer problem. The current version of SHAPEMOL still
has limitations when calculating accurately the molecular level
populations in an AGB wind: it only includes collisional rate
constants for temperatures up to 1000 K and H2 densities be-
tween 1⇥1013 to 1⇥108 m�3, rotational levels in the vibrational
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Photochemistry around IRC+10216
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Table 1
Initial Fractional Abundances of Parent Species Relative to H2

Species Initial Abundance

He 1.5 × 10−1

C2H2 8.0 × 10−5

CH4 2.0 × 10−6

H2S 1.0 × 10−6

HCN 2.0 × 10−5

NH3 2.0 × 10−6

CO 6.0 × 10−4

CS 4.0 × 10−6

N2 2.0 × 10−4

Mg 1.0 × 10−5

Morris (1981). Additional terms are added to the extinction due
to the contributions of the density-enhanced shells (for further
details of the extinction calculation in the presence of dust shells,
see Brown & Millar 2003).

2.2. Chemistry

The chemical reaction network is based on that used by
Petrie et al. (2003) and Millar et al. (2007). The reaction rates
have been updated to be consistent with those in the (dipole-
enhanced) RATE06 database (Woodall et al. 2007). Additional
new reactions from RATE06 for those species in the Petrie et al.
(2003) model have also been added. The following reactions
were deleted from the reaction network in order to increase
computational speed, with negligible effect on the chemistry
of the species of interest in this study: those with activation
energies greater than 300 K; those reactions involving H3O+ as
a reagent (except for H3O+ + e−); those with H+

2 as a reagent
(except for H+

2 + e− and H+
2 + H2); and any reactions involving

C−, S−, CO+, HOC+, C2H+
6, and C2H5.

Carbon-chain species, hydrocarbons, cyanopolyynes and
their associated anions and cations are of principal impor-
tance for the chemistry of this study. The following species
are among those included in the chemical model: carbon chains
Cn (n = 1−23), C+

n (n = 1−23), C−
n (n = 3−23); C(+)

2n−1S
(n = 1−3); HC2n−1S (n = 1−3); hydrocarbons CnH(+/−)

(n = 2−23), CnH(+)
2 (n = 1−23), CnH3 (n = 1−4), CnH+

3
(n = 1−23), CnH4 (n = 1−3), CnH+

4 (n = 1−9), CnH+
5

(n = 2−9) and cyanopolyynes C2n−1N(+/−) (n = 1−11),
HC2n−1N (n = 1−12), HC2n−1N+ (n = 1−11) H2C2n−1N+,
(n = 1−11), H3C2n−1N+ (n = 2−5).

Due to the current interest in molecular anions in IRC+10216
(e.g., Millar et al. 2007; Remijan et al. 2007; Cordiner et al.
2008; Thaddeus et al. 2008), the anion chemistry has been
extended to include CnH− down to n = 2, utilizing the radiative
electron attachment rates from Herbst & Osamura (2008). The
following additional CN− and C2H− formation reactions have
been included:

HCN + H− −→ CN− + H2 (2)

C2H2 + H− −→ C2H− + H2. (3)

The rate coefficient used for Equation 2 (3.8 × 10−9 cm3 s−1)
is an estimate taken from Prasad & Huntress (1980). For
Equation 3, the rate coefficient (4.42 × 10−9 cm3 s−1) was
measured experimentally by Mackay et al. (1977). These proton-
transfer reactions are likely to be important in the model due
to the large HCN and C2H2 abundances in the stellar outflow.
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Figure 3. C2H, C4H, and C6H modeled radial abundance profiles (top) and
3 mm emission intensity profiles (multiplied by constant scaling factors for
display; bottom).
(A color version of this figure is available in the online journal.)

H− is produced in the model mainly by the cosmic-ray (CR)
dissociation of H2 (H2 + CR −→ H+ + H−). This reaction is slow
(with a rate coefficient of 3.9×10−21 cm3 s−1; Prasad & Huntress
1980), but provides the main source of H− in the inner envelope.
Interior to the second density-enhanced shell (r ! 2×1016 cm),
the modeled H− abundance is about 10−8 cm−3. Other reactions
similar to Figure 3 were studied by Mackay et al. (1977), who
found that many different molecular anions could receive a
proton from C2H2 at rapid rates (∼10−9 cm3 s−1), resulting
in the production of C2H−. However, it is presently unknown
whether reactions occur between C2H2 and the carbon chain
anions C−

n and CnH−. In light of an observational upper limit
for N(C2H−) in IRC+10216, Cordiner et al. (2008) deduced that
these reactions probably do not proceed rapidly.

Dominant anion destruction mechanisms are by reaction with
H and C+ and by photodetachment. Photodetachment rates were
calculated according to Equation (2) of Millar et al. (2007).
As a result of its large electron detachment energy, the CN−

photodetachment rate thus calculated is ∼100 times less than
the value in the RATE06 database.

Carbon chain anions C−
n (n = 2−7), and CnH− (n =

2, 4, 6) have been shown to react with atomic nitrogen and
result in the formation of products that include the nitrile
anions CnN− (n = 1, 3, 5) (Eichelberger et al. 2007). We
have included these reactions in the model as part of our

expected radius: 15“ 
expected width: 2”

C2H 
C4H 
C6H

HC3N 
HC5N



Morphological analysis
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27.31 GHz

HC3N(3-2)

Q1Q2

Q3 Q4

• Radial intensity profiles (assuming constant symmetric velocity field) 
• Stellar position offset from center of emission 
• Compare different quarters in detail

Denise Keller                                                                                                                                                                                                             14 December 2015

preliminary

Keller et al., in prep.



Radial profiles

14Denise Keller                                                                                                                                                                                                             14 December 2015

Q1Q2

Q3 Q4

preliminary

Keller et al., in prep.



Radial profiles
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Keller et al., in prep.

• Average radius increases: 
HC3N ➡ HC5N ➡ HC7N ➡ C3N 
Q4 ➡ Q1 ➡ Q3 ➡ Q2 

• Chemistry and dynamics 
!
• Refinement of fitting routine 
• Further careful statistical analysis 

necessary

Q1Q2

Q3 Q4
average radius Q1:  
HC3N:     14.0 ±  2.0“ 
HC5N:     15.4 ±  1.9” 
HC7N:     16.5 ±  7.7” 
C3N:       17.2 ± 25.6” 
average widths: 3-4”

average radius Q4:  
HC3N:     12.9 ±  1.3“ 
HC5N:     14.2 ±  0.8” 
HC7N:     15.4 ±  5.0” 
C3N:       16.0 ± 14.1” 
average widths: 3-4”

average radius Q3:  
HC3N:     16.4 ±  1.5“ 
HC5N:     18.3 ±  0.8” 
HC7N:     19.0 ±  4.2” 
C3N:       19.8 ± 11.2” 
average widths: 3-4”

average radius Q2:  
HC3N:     17.9 ±  1.4“ 
HC5N:     20.0 ±  1.8” 
HC7N:     21.9 ±  8.0” 
C3N:       21.3 ±  6.5” 
average widths: 3-4”



!

• New spectral line and imaging VLA survey of IRC+10216 

• Detailed morphology analysis of carbon-bearing molecules 

➡ Improve knowledge of morphology, mass loss history and chemistry  
of carbon-rich AGB stars

Summary

16

HC7N(24-23) HC3N(3-2)HC5N(10-9)

Denise Keller                                                                                                                                                                                                             14 December 2015

0.0

0.2

0.4

0.6

0.8

1.0

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Fl
ux

 d
en

sit
y 

(J
y)

Rest Frequency (GHz)

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 7

N

H
C 5

N

H
C 5

N

H
C 5

N

H
C 5

N

H
C 5

N

H
C 5

N

H
C 3

N

H
C 3

N

Si
C 2 C 6

H

C 6
H

C 4
H

C 4
H

C 5
H

C 5
H

C 3
N

Si
S

C 2
S

H
13

CC
CN


