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Introduction: The physical and chemical structure 

of young stellar objects (YSOs) has been an area of 
increasing study, driven by multi-wavelength observa-
tions, smaller (15’ ’ ) submillimeter beams, interfer-
ometry, and the use of satellites to probe spectral re-
gions inaccessible from the ground. These data are 
then combined with detailed chemical evolution and 
radiative transfer models to infer the source proper-
ties. In the case of low-mass YSOs, evolutionary mod-
els have had recent success [1,2,3].  For massive 
YSOs, static gas-phase chemical models combined 
with physical structure have been applied to a wide 
range of molecular line observations to constrain 
properties such as the cosmic-ray ionization rate, time 
since source turn-on, and CO ad/desorption [4].  Of 
significant interest is the use of multi-wavelength ob-
servations [5] to parametrically constrain the water 
vapor distribution.  In order to remove the limiting 
static and gas-phase assumptions, we have present the 
first time- and depth-dependent models of the enve-
lopes of massive YSOs in which a realistic evolution 
of the source and infall of the gas and dust, and in 
which the gas-grain ad/desorption is incorporated 
consistently with recent laboratory measurements. 

Model:  For concreteness, we concentrate our 
model on the outer envelope of the well-observed, 
relatively isolated YSO AFGL 2591, though past ex-
perience leads us to believe that the results will be 
generally applicable to other sources.  For simplicity, 
we assume spherical symmetry. 

Physical structure and evolution. The physical 
structure was constrained [6,7] to be well-described by 
a power law density distribution of the form n( r ) = n0 
(r0/r)

m, where m ~ 1 – 1.5.  The polytropic dynamics 
and central source evolution are based upon a recent 
model of massive core collapse [8].  Since the poly-
tropic evolution diverges for m = 1, we adopt m = 1.1. 

Chemistry. The gas-phase chemistry is based upon 
the existing static chemical model [4], where the ini-
tial conditions are consistent with a cold cloud near T 
~ 10K.  We include ad/desorption of species to/from 
dust grains, including the recent Temperature Pro-
grammed Desorption (TPD) laboratory work [9,10]. 

 

 
Figure 1.  The luminosity of the central YSO for AFGL 

2591 as a function of time for the massive core collapse 
model of [8].  The different line types correspond to differ-
ent density distribution power laws (m; see text).  For each 
line type, the lower and upper curves represent a final stel-
lar mass M*,f  = 20 and 40 Msun respectively.    

 
Results: 
Physical evolution.  As described above, the den-

sity distribution is given roughly by a power-law with 
index m ~ 1.1.  The resulting central luminosity of the 
YSO as a function of time is shown in Fig. 1 for a 
range of density distribution indicies (m = 1.1, 1.25, 
1.5), and for two different values of the final stellar 
mass (M*,f =20, 40 Msun).  Notice that L(t) does not 
depend significantly on m or M*,f, only varying by a 
factor of ~ 2x.  This results in a negligible difference 
in temperature, as T( r ) ~ T0L

1/6 for reasonable grains 
[11], leading to ∆T / T ~ 12% for ∆L / L ~ 2.   Given 
the density and luminosity functions, we utilize an 
adopted set of grain properties [12], and dust radiative 
transfer model [13] to determine the time- and depth-
dependent temperature distribution.  The results are 
shown in Fig. 2, where the warming due to the evolu-
tion of the YSO is apparent.  Given the high densities, 
we assume that the gas and dust are well-coupled so 
that Tgas ~ Tdust [14].    
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Figure 2.  The dust temperature distribution as a 

function of position for various times.  The curves are 
labeled by the time in years since formation of the 
core, where A(B) means A x 10B years.   

 
Chemical evolution.  Previous detailed chemical 

and radiative transfer modeling [4,5] were able to pa-
rametrically constrain the water vapor distribution, 
and led to three main conclusions:  (1) water evapo-
rates from the ice mantles at T ~ 100K, or r ~ 1016-16.5 
cm; (2) x(H2O)T>100 = n(H2O) T>100 /n(H2) T>100 = 2 x 
10-4; and (3) x(H2O) T<100 < 10-8.  When we include 
infall, source evolution, and detailed mantle 
ad/desorption, the grain mantles desorb as the source 
warms the dust and gas, and as the grains fall into the 
warmer interior.  The resulting gas-phase water abun-
dance distribution is shown in Fig. 3.  The lines are 
the model abundance profiles for various times.  The 
abundance constraints are given by the cross-hatched 
regions, while the location of the parametric evapora-
tion step is noted by the double arrows.  It is remark-
able that the step-function distribution adopted in the 
parametric studies is naturally reproduced by the com-
bination of source evolution, infall, and grain mantle 
evaporation.  Quantiatively, we see that for t < 3 x 104 
yrs the inner abundances is too small / the location of 
the evaporation step is too interior to be consistent 
with the observations, due to the fact that the source is 
not yet luminous enough to have evaporated the mod-
els.  On the other hand, for t > 105 yrs, the outer 
abundance is too high.  This is due to the further 
evaporation of the mantles as the source continues to 
warm.  The water near 1016 cm is removed by cosmic-
ray produced ions (e.g. H3

+, HCO+, N2H
+).  The oxy-

gen is efficiently shuttled into O2 via dissociative re-

combination of H3O
+ into OH followed by reactions 

with O, and into CO2 by reactions of CO with OH.  In 
the very interior, the water abundance is still high due 
to the fast reaction of OH with H2 to form H2O with an 
activation energy of ~ 1600K.  This combination 
nicely brackets the observational constraints.  Physi-
cally, it suggests that the source has had sufficient 
time to warm the interior and liberate water, but not 
so much time as to warm the entire envelope or pro-
duce significant ion-molecule chemistry.  Further-
more, Fig. 3 suggests an age of 3 – 10 x 104 yrs since 
the formation of the protostar – roughly consistent 
with previous gas-phase chemical modeling [4].   

 

 
Figure 3.  Water distribution for various times 

since protostellar formation.  Observational con-
straints are given by the cross-hatched regions, and 
the constraint for the “step”  by the double arrows.   
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