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The detailed processes by which the disk ISM is entrained in the 
wind without destroying the molecular gas and mass-loading the 
wind in the process are not well understood.  The mere pres-
ence of molecular material ~3 kpc from the disk provides strong 
constraints on the stability of wind-entrained clouds against 
photo- and thermal-evaporation, Kelvin-Helmoltz instabilities, 
and shedding events due to ablation.  The time scale to bring such 
clouds out to a distance of 3 kpc is ~107(vH2–outflow/vCO−outflow)–1 yrs, 
assuming they entered the wind near the center and the warm H2 
material shares the same kinematics as the cold molecular material 
(vCO−outflow ~ 100 km s-1, the average deprojected outflow velocity 
derived from the mm-wave CO observations of Walter et al. 2002).  
It is not clear how these clouds can survive for this long in the 
wind flow.

The total amount of warm H2 gas entrained in the wind of M82 is 
only MH2

 ~ 1.2 × 104 M


 and the total kinetic energy of this 
material ~MH2

V2
H2–outflow~1051 ergs, assuming again that the warm 

H2 material shares the same kinematics as the cold molecular 
material.  This is four orders of magnitude lower than the kinetic 
energies of the entrained ionized Hα-emitting gas (Shopbell & 
Bland-Hawthorn 1998) and molecular CO-emitting material (Wal-
ter et al. 2002).  The warm H2 material is therefore not a dynami-
cally important component of the outflow.  However, a comparison 
between the H2 emission and the distribution of the CO emission 
reveals that most of the features seen in CO are detected in H2 but 
not the converse: as expected in photon-dominated regions (PDRs; 
Tielens & Hollenback 1985), the H2 emission is more extended 
and probes clouds that are more diffuse (smaller AV) and at larger 
distances from the nucleus than the CO emission.  Deep H2 2.12 
µm observations such as these therefore represent a promising new 
method to study the elusive but potentially important molecular 
component of galactic winds.

A more detailed discussion of these results was recently published in 
the Astrophysical Journal Letters (Veilleux et al. 2009).
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Figure 2:  (Left) Three-color composite of M82:  Green:  H2 2.12 µm 
emission (same as figure 1), Red:  7.7 + 8.6 µm PAH emission from 
Engelbracht et al. (2006), and Blue:  HST/ACS continuum-subtracted 
Hα emission from Mutchler et al. (2007), smoothed to 0.2".  See 
figure 1 for information on intensity scaling.  
(Right) H2-to-PAH emission ratio map in the brightest H2 filaments.  
Black regions are of low S/N or affected by saturation effects.  The 
absolute ratio scale is accurate to within a factor of only ~2 due to 
point spread function mismatch between the two wavebands, lack of 
color corrections for the Infrared Array Camera (IRAC) photometry, 
and stellar contamination to the 8 µm flux.

Figure 3:  Large-scale images (2´ wide) that focus on three regions 
of coherent H2 2.12 µm emission (central column; smoothed with 
4" Gaussian kernel) and compare with the Hα (left; 0.2") and PAH 
(right) emission.  Shown in the top, middle, and bottom rows are the 
northeast quadrant, nuclear disk region, and southeast quadrant, 
respectively.  See figure 1 for information on intensity scaling.  The 
ellipses delineate prominent radial filaments that appear in at least 
one waveband.
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12C Is Missing from the Hyades Open Cluster
Simon C. Schuler (NOAO), Jeremy R. King & Lih-Sin The (Clemson University)

The light elements carbon, nitrogen, and oxygen figure promi-
nently in the chemistry of the Universe, showing up in inter-
stellar molecules and dust, and they are the building blocks of 

life as we know it.  They also play vital roles in stellar nucleosynthesis, 
from being the main products of 4He burning (triple-α process) to 
being catalysts for the burning of H into He in the cores of stars (CN 
cycle).  It is no wonder that astronomers have exerted much effort to 
the pursuit of understanding the production and evolution of these 
important nuclei.

The CN cycle as an energy source for stars was independently 
proposed by Hans Bethe and Carl von Weizsäcker in the late 1930s.  
While it was suspected that the proton-proton chain powers the cores 
of stars like the Sun, it was also thought that competing reactions that 
burn 1H may exist.  Bethe and Weizsäcker predicted that 12C and 14N 
can act as catalysts for the conversion of four 1H nuclei into a 4He 
nucleus via four successive proton captures:

12C(p,γ)13N(e+ν)13C
13C(p,γ)14N
14N(p,γ)15O(e+ν)15N
15N(p,α)12C.  

It is now believed that the CN cycle powers the cores of main-
sequence (MS) stars more massive than the Sun.  At high enough 
temperatures, the ON cycle, 

16O(p,γ)17F(e+ν)17O
17O(p,α)14N,

can inject 14N into the CN cycle at the expense of 16O, creating what is 
known as the CNO bi-cycle.

The cyclic nature of the reactions above is evident; there is no net loss 
of the CNO nuclei.  However, the relative number of each element 
changes due to differences in their lifetime to proton capture.  For 
instance, the 14N(p,γ)15O reaction is the slowest of the CN cycle, and as 
a result, the abundance of 14N nuclei builds up at the cost of 12C.

At the cessation of core H burning, a star undergoes the first dredge-
up, the deepening of its surface convection zone into its inner layers 
(Iben 1964), and material processed by the CN cycle in the core is 
mixed to the surface layers.  This mixing alters the surface abundances 
of the now red giant branch (RGB) star, with the general expectation 
that the abundance of 12C and the associated 12C/13C ratio are diluted 
while the abundance of 14N is enhanced.  If the convective envelope 
extends deep enough to reach layers where the ON cycle has been 
active, the surface 16O abundance will also be reduced.

Modern models of stellar evolution quantitatively predict the expected 
changes in surface abundances of stars due to first dredge-up mixing 
as a function of mass and metallicity, and chemical abundance studies 
of near-solar metallicity giants based on high-resolution spectroscopy 
have in general verified the model predictions (e.g., Lambert & Ries 
1981; Luck & Heiter 2007).  However, standard models, those that 

include convective mixing only, are unable to reproduce the observed 
light element abundance patterns of low-mass (M ≤ 2.5 M


), metal-

poor giants brighter than the RGB bump.  The C abundances of these 
giants are more heavily depleted than predicted by standard models, 
and their N abundances are enhanced.  Also, they have 12C/13C ratios 
that are generally below 10, some as low as the equilibrium value of 
3.5, whereas the predicted value is ~25 (e.g., Salaris, Cassisi, & Weiss 
2002).  The observed abundance patterns point to the action of an 
extra mixing episode that is not included in standard models.

To further test standard stellar evolution models, we have carried out 
a light element abundance study of three dwarfs and three giants in 
the Hyades open cluster (Schuler, King, & The 2009).  The chemical 
homogeneity of open clusters makes them ideal targets for stellar 
evolution studies; the abundances of the MS dwarfs can be used as a 
proxy for the initial compositions of RGB giants in the same cluster.  
Any differences in the surface abundances can then be attributed to 
post-MS evolution.   Such direct comparisons cannot be made with 
field stars.

We obtained high-resolution (R = λ/∆λ = 60,000), high-S/N spectra 
of the Hyades stars using the Harlan J. Smith 2.7-meter telescope and 
“2dcoude” cross-dispersed echelle spectrometer at the McDonald 
Observatory.  Complementing our observations, we have used the 
Clemson-American University of Beirut (CAUB) stellar evolution 
code (e.g., The, El Eid, & Meyer 2007; El Eid, Meyer, & The 2004) 
to model the evolution of a 2.5 M


 star (the estimated mass of the 

Hyades giants) with an initial metallicity matching that of the Hyades 
cluster.  The model was run through the core He burning phase, 
approximately 785 Myr; the age of the Hyades is estimated to be 600 
Myr (Perryman et al. 1998).  The predicted evolution of the surface 
abundances is shown in figure 1.

The abundances of C and N, as well as Li, Na, Mg, and Al, were derived 
for the dwarfs and giants in a self-consistent fashion using synthetic 

Figure 1:  Evolution of the surface abundances of our 2.5 M model 
as a function of time.  Taken from Schuler, King, & The (2009).
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spectrum fitting and equivalent width measurements (figure 2).  Oxy-
gen abundances derived using the same spectra were adopted from our 
previous work (Schuler et al. 2006).  The CNO abundances within each 
group, the dwarfs and the giants, are highly consistent and show very 
little star-to-star scatter.  Comparing the two groups, the C abundance 
of the giants relative to the dwarfs is depleted, the N abundance is 
enhanced, and the O abundance is unchanged, all of which are in agree-
ment with the qualitative predictions of our model.

Quantitatively, the results are mixed.  The observed N and O abun-
dances are in excellent concordance with the model.  The mean N 
abundance of the giants is a factor of 2.3 higher than that of the 
dwarfs, matching perfectly the predicted increase by a factor of 2.3 
in the surface 14N abundance.  Also, as hinted at above, the model 

predicts that the first dredge-up did not extend deep enough in the 
Hyades giants to mix to the surface material processed by the ON 
cycle and that the surface 16O abundance should remain unchanged; 
the observed dwarf and giant O abundances are indistinguishable.  
Also in agreement with the model is the observed 12C/13C ratio; 
prior studies have derived mean values of 21.0 ±1.8 (Tomkin, Luck, 
& Lambert 1976) and 25.8 ±1.4 (Gilroy 1989), matching well the 
predicted value of 23.4.

Astonishingly, despite the good agreement for the N and O abun-
dances, the observed C abundance of the giants relative to that  
of the dwarfs was found to be a factor of 1.5, corresponding to  
0.18 dex, lower than the model prediction!  This difference repre-
sents a 6σ result in terms of the random uncertainties in the mean 
observed abundances.  Possibly more important than the disagree-
ment between the observed abundances and the model predictions, 
which may vary between the different stellar evolution codes in use 
today, is the empirical result that the sum of the CNO abundances of 
the giants (log N(C+N+O) = 8.91) does not equal that of the dwarfs  
(log N(C+N+O) = 9.01) as expected if the CNO bi-cycle is the only 
set of reactions affecting these nuclei.

We found that a similar discordance may exist between model predic-
tions and the observed C abundances of RGB giants in the Galactic 
disk, as well.  Mishenina et al. (2006) derived the abundances of nu-
merous elements, including C, of disk giants and compared the results 

to models based on the STAREVOL stellar evolution code.  Models 
assuming an initial C abundance of [C/Fe] = -0.15 or -0.20 fit the ob-
served giant C abundances well, whereas models adopting [C/Fe] = 0 
do not predict enough 12C depletion.  However, it is the latter models 
that should be the most appropriate ones to use, because the C abun-
dances of disk dwarfs at the same metallicities as the giants observed 
by Mishenina et al., the best indicators of the initial C abundances 
of the giants, are typically [C/Fe] ≈ 0 (e.g., Bensby & Feltzing 2006).  
Thus, it appears that giants in the Galactic disk have also depleted 
more 12C than predicted by standard stellar evolution models.

Internal and systematic uncertainties in our abundance analysis 
cannot account for low C abundances of the Hyades giants.  Non-
standard mixing, similar to that proposed to explain the anomalous C, 

N, and 12C/13C ratios of low-mass, metal-poor 
giants, does not work either; such mecha-
nisms would affect elements other than just 
C.  Non-standard mixing is also not supported 
by our newly derived Li abundances.  Carbon 
burning, the fusing of two 12C nuclei, is an 
important nuclear reaction in the cores of mas-
sive stars, but the core temperature and density 
of our 2.5 M


 model never comes close to the 

values necessary for the reaction to occur.

So, where has the missing 12C gone?  If it 
has been depleted by the Hyades giants, the 
mechanism responsible seemingly de-
pleted 13C as well; this would be necessary 
to preserve the observed 12C/13C ratio at the 
expected value of ~24.  Also, the depletion 

must have involved a reaction outside of the CNO bi-cycle; this 
would be necessary to account for the disagreement in the observed 
C+N+O abundances of the dwarfs and giants.  Because no reaction 
meeting these two criteria is known, our observations may indicate 
that a heretofore unknown nucleosynthetic process may be active in 
the cores of near-solar metallicity 2.5 M


 stars.

And the question remains: where has the missing 12C gone?
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Figure 2:  Here we show the synthetic spectrum fitting to observed C2 lines in the spectra of the 
Hyades dwarf HIP 14976 and giant δ Tau.  The solid line represents the best fit to the observed 
spectrum (dots), and the broken lines show ±0.10 dex, the best fit abundance.  Taken from 
Schuler et al. (2009).
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