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Abstr act.  Evolutionary model of the solar nebula based on
the concept of layered accretion is presented. Layered
accretion leads to a highly episodic nebula evolution
marked by a progression of alternating outbursts and qui-
escent states. This is a dramatic departure from the regular
monotonic diffusion envision by current models.

Int roduction.  The best recent models of the solar nebula
during its viscous stage are based on the concept of time-
dependent accretion disk theory (see for example Ruden &
Pollack 1991, Stepinski 1998). Within this paradigm, the
major point of contention is the precise mechanism of
angular momentum transport (hereafter referred to as a
disk driver). Many different mechanisms were suggested in
the past, but presently magnetorotational instability (Balbus
& Hawley 1991) (hereafter referred to as BH instability)
attracts most attention because numerical simulations
(Stone et al. 1996) show that this instability would indeed
initiate and sustain turbulence capable of transporting
angular momentum outward. Moreover, recent reexamina-
tions of other potential drivers (Ryu & Goodman 1992, Bal-
bus et al. 1996) rose some doubts about their feasibility.
Thus, it seems timely to entertain an idea that the BH insta-
bility is the only, or at least the dominant, driver in all accre-
tion disks including the solar nebula. For the BH instability
to function, the disk must have a sufficient degree of ioniza-
tion. However, the solar nebula was, overall, a poorly ion-
ized object in which a peculiar pattern of the degree of
ionization emerges (Stepinski 1992, Stepinski et al. 1993).
The inner nebula is highly ionized due to thermal ionization
and the outer nebula is also sufficiently ionized due to cos-
mic rays, however, the middle portion of the nebula is very
weakly ionized. In the middle portion of the nebula only a
couple of thin surface layers are ionized enough to allow
the BH instability to work. Thus, layered accretion (term
coined by Gammie 1996) is a simple consequence of
applying the concept of the BH driver to physical conditions
of the solar nebula. 

Basi c features of the  model.  The model assumes a thin
axisymmetric Keplerian nebula. There are five regions in
the nebula, the inner active zone (IAZ), the outer active
zone (OAZ), the dead layer (DL) and two active layers
(ALs). The BH instability is incorporated into the nebula
model by means of the so-called α-approximation, where
anomalous viscosity is assumed to be proportional to the
parameter α  in the IAZ, the OAZ, and ALs. In the DL there
is no viscosity, or the viscosity is highly reduced. In the last
case the ratio of the value of α  in the DL to the value of α
in the AL is set to be β<<1, and the DL not only participates
somewhat in nebular mass redistribution, but also contrib-
utes to the overall thermal balance. The evolution of the
nebula is determined from equations of continuity and
momentum conservation modified to accommodate the
bimodal vertical structure of the nebula. Local thermal bal-
ance is assumed with opacity adopted from Stepinski
(1998). The model is capable of taking an axisymmetric but
otherwise arbitrary initial distribution of matter as initial con-
ditions and calculating nebula quantities at future times. We
calculated two lines of models. The first line accommodates
the point of view that the BH instability is the only driver in
the nebula (pure layered accretion). The second line
accommodates the point of view that the BH instability is
dominant but not an exclusive nebula driver (two-layers
accretion). In both cases the evolution of the nebula is cal-
culated numerically using a completely implicit difference
scheme that uses Taylor series expansion to linearize non-
linear terms in the difference equation. The results pre-

sented here were generated using following parameters, α
= 0.01 and β = 0.01 or 0.1. The calculation starts with a
disk of mass 0.245 solar masses and having mass distribu-
tion extending up to 15 AU (details of this distribution are
given by Ruden & Pollack 1991).

Results. In the limited space available here we present the
time evolution of an accretion rate of the nebula which well
summarizes the overall activity in the nebula. An accretion
rate is the mass flux at the inner edge of the nebula and the
overall activity in the nebula scales with the magnitude of
an accretion rate. Fig.1 shows the temporal changes of an
accretion rate in the pure layered accretion model (β=0). 

Figure 1. Accretion rate (mass flux at the inner nebula 
radius) as function of time in the solar nebula evolv-
ing via pure layered accretion. Units of accretion rate 
are solar masses per year.

After some adjusting period of about 10000 years the neb-
ula settle down to a low and constant accretion rate. Most
of the nebula mass is transferred into the DL which has a
low temperature because it does not generate heat. Por-
tions of the DL are characterized by the Toomre parameter
smaller than 1 and thus are gravitationally unstable. The
gravitational instability is not included in our model, but it is
not difficult to predict that such a nebula would experience
highly episodic and nonmonotonic evolution driven by vis-
cous and gravitational drivers operating concurrently or
alternatively. However, the gravitational instability may dis-
appear if the “dead” layer is even slightly “alive,” the situa-
tion referred here as two-layers accretion.   

In the two-layers accretion model we assume that in the
parts of the nebula where the BH instability does not work,
some other, nonmagnetic viscous driver provides the
source of heat and angular momentum transport. We
assume that the efficiency of such a driver is much smaller
than the efficiency of the BH instability. Fig.2 shows the
evolution of an accretion rate in the two-layers model char-
acterized by β=0.01. The additional heat generated in the
DL raises nebula temperature and prevents formation of
gravitationally unstable regions. Thus, our two-layers vis-
cous model is self-consistent. The most important feature
of the two-layers accretion is its short time variability. The
nebular accretion rate shows a semiperiodic outbursts
which occur on time scale of few thousands years. The out-
bursts are due to the existence of a limit cycle instability
peculiar to the two-layers accretion configuration. During
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the cycle the IAZ expands incorporating large amount of
mass from the massive DL and then contracts due to its
depletion by an increased accretion rate. The outer radius
of the IAZ changes from 0.6 AU to about 3 AU!

Figure 2. Accretion rate as a function of time in the 
solar nebula evolving via two-layers accretion with 
β=0.01. Units of accretion rate are solar masses per 
year. The insert panel shows a close-up of the main 
panel in the region between 20000 yr. and 50000 yr.

The details of the cycle depend on the value of β. As can be
seen by comparing Fig.2 and Fig.3 the smaller the value of
β the longer the duration of the cycle and larger its ampli-
tude. For the case of β=0.01 the duration of the cycle is of
the order of 1000-10000 years and the value of an accre-
tion rate at the high state is up to two orders of magnitude
larger than the value of an accretion rate in the low state.
These are dramatic changes which translate into significant
periodic changes in surface density and temperature in the
region of the solar nebula corresponding to the present-day
location of terrestrial planets. The two-layers accretion
regime converges slowly into the more standard accretion
regime on a time scale of about a million years. After that
time there is no significant DL left, and the further evolution
of the nebula proceeds according to a simpler model.

Conclusions.  This work presents the first glance at the
theoretical description of the layered accretion in the solar
nebula. It shows that the evolution of the solar nebula could
potentially be very different from the regular monotonic dif-
fusion envision by the current models. It would be interest-
ing to investigate whether any primitive nebular material
currently found in the solar system show evidence of vari-
ability in nebular conditions occurring on a time scale of
1000 to 10000 years.

The layered accretion model can be applied not only to the
solar nebula, but also to all protoplanetary disks. Although
there is a wealth of various types of observations of numer-
ous stars with protoplanetary disks, most of them are just
single snapshots in an evolutionary history of these objects.
In some cases a sequence of observations for a single
object exists, but it only covers a period of the order of 10
years, too short not only in comparison with the typical life-
time of protoplanetary disk estimated to be millions of
years, but also in comparison with the duration of a cycle
discussed above. Thus, there is no set of a protoplanetary

disk observations which can be directly used to test evolu-
tionary models. This constitutes the biggest obstacle for
narrowing the field of models and getting a clearer idea of
how protoplanetary disks and the solar nebula work. 

Figure 3. Accretion rate as a function of time in the 
solar nebula evolving via two-layers accretion with 
β=0.1. Units of accretion rate are solar masses per 
year. The insert panel shows a close-up of the main 
panel in the region between 20000 yr. and 50000 yr.

Stepinski (1998b) has proposed that existing data from sur-
veys of stars with protoplanetary disks can be given an evo-
lutionary interpretation, by arranging properties of many
different stars of similar masses into a sequence, indexed
by the increasing age of the star, to simulate subsequent
phases in the evolution of a single putative star of that
mass. His results can be interpreted as supporting the lay-
ered accretion model, except for the lowest mass stars, for
which the standard model provides a better fit. However, at
present, this approach is limited by technical limitations in
gathering accurate observational data, so any firm conclu-
sions are premature. Clearly more observations done with
an evolutionary interpretation in mind are necessary to help
develop a sensible model of protoplanetary disk.
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