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Introduction: A snowline represents a region in
the solar nebula at 2.7 AU, corresponding to the subli-
mation temperature of water (~170 K), inside of which
water is believed to have existed only as water vapor
and outside of which it exists as ice [1]. Spectral ob-
servations of farther (>2.7AU) water-rich C-type and
closer-in (<2.7AU) water-poor S-type main belt aster-
oids seems to be consistent with this scenario [2].
However several sophisticated disk models place the
snowline much closer at ~ 1AU [3]. This dichotomy
reveals that temperature only does not determine where
the snowline is, but as [4][5] have argued, radial dy-
namics of volatiles, such as the outward diffusion of
water vapor, and the inward drift of ices also does.
When undisturbed, these inward and outward volatile
transport processes can settle into a steady cyclical
flow of water across the snowline. However, external
processes such as photoevaporation of the protoplane-
tary disk (due to FUV radiation from nearby massive
stars) can upset this equilibrium, shift the snowline,
and cause more water to flow out of the inner disk,
giving rise to the formation of water-poor planets.

While some recent studies have considered the ef-
fect of external photoevaporation on disk evolution and
planet formation [6][7], rarely do disk models go be-
yond the simplistic a-parameterization of viscosity
where viscosity v =a C H [8] [C and H are the local
sound speed and disk scale height, respectively]. o, a
dimensionless constant, usually assumed to be uni-
formly~ 0.01. is not attributable to any realistic physi-
cal mechanism. Our work describes results of numeri-
cal simulations that not only include the effects of ex-
ternal photoevaporation, but also a unique viscosity
treatment derived directly from magneto-rotational
instabilities [9] and a calculation of ionization equilib-
rium including dust, as an important precursor step
before incorporating the radial transport processes to
understand the distribution of volatiles in the nebula.

Methods: We perform 1.5D disk simulations,
where the disk is divided into 60 radial zones between
0.1-100 AU and each annulus is further divided into 25
zones across height z. At each (r,z) a simple chemical
network is solved balancing ionization by stellar x rays
[10] and cosmic rays [11] against recombination of Na
ions and electrons in the gas phase and on grain sur-
faces. From the calculated ion abundances, we estimate
o(r,z) using the formulations of [9] that include the
non-ideal magnetohydrodynamic effects of ambipolar

diffusion. We also incorporate photoevaporation via
the disk outer edge, using the treatment of [12].

Results and Conclusions: o calculated from MRI
viscosity is found to vary significantly with r, varying
from ~107 in the inner disk to 10 in the outer disk,
unlike the constant value of 0.01 that is usually adopt-
ed. Dust affects disk evolution by absorbing charges
and causing the inner disk to evolve much more slow-
ly. Mass therefore accumulates in the inner and middle
disk. Photoevaporation causes mass loss through the
outer disk edge and steepens X profiles in the outer
disk. While rr (transition radius where the directionali-
ty of mass flow changes from inward to outward)
moves outward with time in the non-photoevaporated
viscous spreading disk [13], rr moves inward in a pho-
toevaporated disk, driving more and more volatiles out
of the inner disk with time. From our simulations, we
find that disk structure and evolution are dramatically
altered when subject to both non-uniform o and exter-
nal photoevaporation, leading to very steep outer disks
(5-30 AU) [Fig 1] with outward transport of volatiles.
These aspects will have dramatic implications for
planet formation and volatile transport.
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Figl:X profiles at t=0(dashed),1Myr,2Myr,.. 10Myr



