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ABSTRACT

The results of the time-dependent disk models developed in Bell & Lin are compared with observed proper-
ties of FU Orionis variables. Specific models are fit to the light curves of FU Ori, V1515 Cyg, and V1057 Cyg.
The slow risetime of V1515 Cyg can be matched by a self-regulated outburst model. The rapid risetimes of
FU Ori and V1057 Cyg can be fitted with the application of modest perturbations to the disk surface density.
Model disks display spectral features characteristic of observed objects. The color evolution of V1057 Cyg is
naturally explained if mass flux drops in the inner disk (r < # AU) while remaining steady in the outer disk.
The decrease in optical line width (rotational velocity) observed during the decay of V1057 Cyg may be
accounted for by an outward-propagating ionization front. We predict that before final decay to the quiescent
phase, short-wavelength line widths (1 < 1.5 um) will again increase. It is suggested that FU Orionis outbursts
primarily occur to systems during the embedded phase with ages less than several times 105 yr.

Subject headings: accretion, accretion disks — stars: evolution — stars: pre-main-sequence —

stars: variables: other (FU Orionis)

1. INTRODUCTION

The FU Orionis objects are thought to be young, solar-type
stars surrounded by rapidly accreting disks (Hartmann,
Kenyon, & Hartigan 1993, and references therein). During out-
burst, these objects brighten optically by five magnitudes or
more, implying an increase in accretion rate through the disk
from ~10"7 to ~107* My yr~! over timescales of 1-20 yr.
FU Ori outbursts are long-lived, lasting for 30-100 yr which
implies the accretion of up to 10”2 M, a minimum mass solar
nebula, in only a century (Hartmann et al. 1993). Event sta-
tistics suggest that a typical solar-type star undergoes 10-100
such outbursts in its pre—-main-sequence lifetime (Herbig 1989).

Two primary explanations for the mechanism behind
FU Ori outbursts have been advanced. Perturbation of the
disk by a passing binary companion may produce episodic
accretion events (Bonnell & Bastien 1992), but it is not clear
whether such a mechanism can account for the required event
frequency (e.g., Duquennoy & Mayor 1991). Also, no Fuor has
shown any displacement in velocity greater than 5 kms™!
from its associated molecular cloud (Herbig 1977; Hartmann
& Kenyon 1987a, b) which provides little evidence for a binary
interaction with a companion comparable in mass to the
central object. A second promising mechanism for the outburst
is a thermal instability of the type suggested to occur in the
disks of cataclysmic variables (Hartmann & Kenyon 1985; Lin
& Papaloizou 1985), and it is this possibility which has
received the most detailed treatment. Lin & Papaloizou (1985)
show that thermal instabilities can in principle account for the
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large outbursts. Clarke, Lin, & Pringle (1990), using as pre-
outburst conditions standard T Tauri disk accretion rates of
1077 M, yr™ !, found it difficult to maintain outbursts at acc-
retion rates of ~10"* M yr~! for the hundred years sug-
gested by observed outbursts. They were able to produce a
model outburst lasting ~ 30 yr, but only with the imposition of
the extremely large “perturbation” in surface density of AZ/
X = 50. The model is also unable to account for the repetition
of events in a given source.

With great improvements in infrared detection techniques, it
has become increasingly clear that FU Ori objects are gener-
ally embedded in opaque, dusty clouds (Herbig 1977; Good-
rich 1987; Kenyon et al. 1993b). Even optically visible FU Ori
objects like V1057 Cyg and V1515 Cyg exhibit far-infared
emission which can naturally be explained by an opaque, cir-
cumstellar envelope (Kenyon & Hartmann 1991; hereafter KH
91). KH 91 present spectral fits which suggest that FU Ori
objects (hereafter “Fuors”) are surrounded by close dusty
envelopes consistent with material falling onto the outer disk
(25 AU) at a rate of ~5x 107 Mg yr~'. In addition,
Adams, Lada, & Shu (1987) suggest that the FU Ori object
L1551 IRS 5 possesses an infalling envelope with a mass accre-
tion rate of 7 x 107 My yr~!. Further recent studies (e.g.,
Kenyon, Calvet, & Hartmann 1993a) suggest that infall rates of
(1-10) x 107® Mg yr~* are common for embedded protostars.
Such continuous infall replenishes disk material accreted
during the FU Ori outburst allowing eruptions to recur on
timescales of several thousand years. These infall rates are
expected during the earliest phases of star formation.

The addition of mass to the outer disk at these high rates
implies very different initial conditions than have previously
been explored in thermal instability models. Kawazoe & Mine-
shige (1993) show that adding mass to protostellar disks at
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1073 M yr~* can in principle lead to FU Ori-like outbursts.
Using detailed, time-dependent disk calculations, which
include a one-dimensional treatment of vertical convective
energy transport, Bell & Lin (1994, hereafter BL 94) show that,
independent of reasonable values of the viscous efficiency (a),
the addition of mass at a rate greater than the critical rate of
M =5 x 1077 My yr~! is sufficient to trigger thermal disk
instabilities with properties very like those inferred for FU Ori
objects. In particular, long-duration outbursts (~ 100 yr) result
without the need for perturbation and repeat on statistically
reasonable timescales (~ 1000 yr). This extremely encouraging
result is limited by the necessity of appealing to the ad hoc «
viscosity (Shakura & Sunyaev 1973). Such detailed models,
however, make predictions which can be compared with
observations, so that even in the absence of a detailed under-
standing of the viscosity, it is possible to make specific tests of
the thermal instability model.

In this paper the Bell & Lin disk-outburst models are used
to explore observational tests of the thermal instability theory
in application to three specific objects: FU Ori, V1515 Cyg,
and V1057 Cyg. The self-regulated BL 94 outburst models are
used to explain the relatively slow risetime of V1515 Cyg (~20
yr), but have difficulty explaining the rapid risetimes (~ 1 yr) of
FU Ori and V1057 Cyg. We find the application of small
surface density perturbations to supercritical disks results in
prematurely triggered outbursts which exhibit the observed
rapid risetimes. Based solely on fits to B magnitude light curves,
specific model parameters are chosen for each of the three
program objects suggesting physical constraints on disk
properties. The time-dependent appearance of disk outburst
models is then compared to observations of evolving colors,
line widths, and spectral energy distributions.

In this contribution we also specifically address two of the
principal objections raised to the accretion-event scenario as
an explanation of FU Orionis outbursts. (1) It has been noted
that there has been too little decline in the 2-5 um region of
V1057 Cyg to be explained by a series of constant mass flux
disk models with decreasing accretion rates (Kenyon, Hart-
mann, & Hewett 1988, hereafter KHH 88; Simon & Joyce
1988). In particular KHH 88 find no variation in the M band
(4.8 um) during the early decay from peak light while the U
band decreased in brightness by 4 mag. (2) If the decline is
modeled as a sequence of steady disk models with decreasing
mass flux, rotational line widths at a given wavelength should
come from successively smaller disk radii and velocities should
therefore increase with time. That the line widths of V1057 Cyg
are observed to decrease after outburst is regarded as a “clear
conflict” with the accretion-disk outburst model (Herbig 1989).
The thermal outburst model provides simple explanations for
these apparent discrepancies.

Observations of the three best-studied FU Ori objects—
FU Ori, V1515 Cyg, and V1057 Cyg—with emphasis on time-
dependent phenomena which cannot be explained by constant
mass flux models are summarized in § 2. In § 3, the Bell & Lin
self-regulated models are briefly reviewed, and our method of
perturbing the surface density to produce rapid-risetime out-
bursts is introduced. In § 4, models are developed which fit the
light curves of each of the three program Fuors. Implications
of the time-dependent models are then investigated by compar-
ing “observations” of the models with data presented in § 2.
The detailed evolution of model magnitudes, colors, absorp-
tion line widths, and spectral energy distributions are specifi-
cally discussed. Also in this section, the possible statistical

identification of FU Ori objects in the quiescent phase between
outbursts is discussed, and suggestions are made for the identi-
fication of particular quiescent outbursters. Model implica-
tions and limitations are discussed in § 5, and a summary is
givenin § 6.

2. OBSERVATIONAL SUMMARY

In outburst, Fuors have distinctive characteristics unique
among young stellar objects, many of which in recent years
have found explanation in a system in which the surrounding
protostellar disk far outshines the central star (Hartmann &
Kenyon 1985, 1987a). Broader-than-blackbody spectra have
been modeled as arising from a luminous constant-mass-flux
disk actively accreting at rates of order 10 * My yr~ ! (KHH
88). This scenario, in which longer wavelengths are generated
at larger disk radii where temperatures are cooler, naturally
explains one of the earliest noted peculiarities about FU Ori
spectra which is that spectral types are systematically later at
longer wavelengths (Herbig 1977). At peak light, for example,
V1057 Cyg is estimated to have a spectral type of early F at
4000 A, late F at 5000 A, and early G at 6000 K(KHH 88).

High-resolution Fuor spectra typically show low-gravity
absorption lines (quite unlike T Tauri high-gravity emission
lines) thought to arise in the atmosphere of a thermally strati-
fied, self-luminous accretion disk (Hartmann & Kenyon 1985;
Carr 1988). Further these absorption lines show a character-
istic doubling which is strongest at short wavelengths. The
observation that this doubling increases at short wavelengths
in a manner consistent with the expected increase in Keplerian
velocity from inner, hotter radii (Welty et al. 1990) is currently
one of the strongest arguments in support of the idea of
FU Ori objects as luminous, actively accreting disks.

This simple model in which FU Orionis outbursters are con-
sidered to be high accretion rate constant-mass-flux disks has
been a very powerful tool in the interpretation of observations
of FU Orionis systems. Such models, however, make no
attempt to explain the mechanism by which the disk makes the
transition from some (presumably low-mass flux) quiescent
state to the high-mass-flux outburst state. Further, certain
observations (particularly time-dependent observations)
cannot be addressed with this quasi-steady-state model. In the
rest of this section, observed properties of the three best studied
Fuors—FU Ori, V1515 Cyg, and V1057 Cyg (which we here-
after refer to as our program objects)—are summarized with
emphasis on time-dependent phenomena which cannot be
explained by constant-mass-flux models.

2.1. Light Curves

In our modeling of the outbursts, the shape and peak magni-
tude of program object light curves are used to constrain disk
properties. Light curves of the three Fuors with detailed
observations show remarkable variety. Figure 1 shows the
combined optical and photographic light curves: B(t)
(B ~ 4400 A) for the three program objects. Observed magni-
tudes are given on the left axis, and derived absolute magni-
tudes are estimated on the right axis (see Table 1; note that, in
addition to considerable observational scatter, uncertainties in
extinction lead to uncertainties in My of about +0.5). All three
objects exhibit similar large magnitude outbursts. All three
objects have similar current magnitudes Mgz~ 0. Two
objects—FU Ori and V1057 Cyg—have rapid risetimes of
about a year and reach very bright peak absolute magnitudes
of My~ —2 before fading to their current luminosities. In
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FIG. 1.—Combined photographic and B light curves for program Fuors with estimated M on right axis. (@) FU Ori; compiled by Hartmann et al. (1993). (b)
V1515 Cyg. Filled triangles: Gottlieb & Liller (1978); other symbols: compiled by Kenyon et al. (1991); note discrepancy between open circles (Hoffleit) and asterisks
(Wenzel). (c) V1057 Cyg; compiled by Kenyon & Hartmann (1991). Crosses indicate epochs of SEDs shown in Fig. 3.
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TABLE 1
OBSERVATIONALLY DERIVED PARAMETERS OF PROGRAM FUORS

Parameter FU Ori V1515 Cyg V1057 Cyg References
Distance (C) .....eonuen.. 500 1050 600 e
Ay oo 20+03 28+03 31403 3-4,5,2
Ry oo, 35 3.1 3.1 4,6,6
Inclmatlon ................ 25°-70° e <30° 4
B—Mg ... 11.1 13.8 13.0

B Mg B M, B My .
Preoutburst®.............. 15-16 3.9-49 17.5 37 15.5-16.5 2.5-35 2,1,2
Peak light................. 10 —-1.1 13.5 -03 10.5 —25 2
Troax(K)° e 7200 + 400 = 7000 6600 + 400 4,54
M M (ML yr=)d . (0.5-4) x 1074 0.5-3) x 107# 4

* Adopted combined extinction and distance correction: B — My = 5 x log,, (d/10 pc) + Ap where Ap =

A, + EB—V)=
+04.

® Range indicates variability.

¢ Fits to current spectral energy distributions.

4 Note that Kenyon et al. 1988 assume M, = 0.5 M,

Ay, x (1 + 1/R,). Note that quoted uncertainties in A4, translate into uncertainties in Ay of

REFERENCES.—(1) Gottlieb & Liller 1978; (2) Herbxg 1977 (3) Kenyon & Hartmann 1991; (4) Kenyon et al.

1988; (5) Kenyon et al. 1991; (6) Savage & Mathis 1979.

contrast, V1515 Cyg, after an initially rapid brightening to
Mg ~ 2, has a much slower rise to a peak light very close to its
current value. (The 1980 drop in magnitude is thought to be
the result of a dust condensation event in the wind; Kenyon,
Hartmann, & Kolotilov 1991; hereafter KHK 91.) The three
objects show a remarkable variety of risetime light curve
shapes, but all have similar slow declines. Note also that the
three objects have nearly identical preoutburst absolute magni-
tude Mg = 3—-4 (Herbig 1977).

Light curves at other wavelengths from the optical through
the near-infrared show that changes in magnitude are system-
atically greatest at short wavelengths (KH 91). For V1057 Cyg,
since peak light AU ~ 4 (0.36 um) while AM ~ 0 (4.8 um). A
preoutburst estimate of the R-band magnitude for V1057 Cyg
of R ~ 12.7 (0.7 um; Haro 1972) suggests that this trend was
also characteristic of the rise to peak light: AB~ —5 while
AR ~ —3. This trend, however, does not seem to continue to
the mid- and far-infrared; decay in the 10-20 um region closely
mimics decay at the shortest wavelengths and can be modeled
as the reprocessing of inner disk photons in a flattened, infal-
ling envelope (KH 91). It will be shown that the tendency for
magnitude changes to be greatest at short wavelengths is char-
acteristic of the radially restricted, thermal-outburst models.

2.2. V1057 Cyg

The most detailed spectral information available comes from
the recent outburst of V1057 Cyg which since peak light in
1969 has shown an uncharacteristically rapid decline. V1057
Cyg is also the only object with a preoutburst spectrum from
which hints about FU Ori progenitors can be derived.
Although of low dispersion, the spectrum shows typical
T Tauri-type emission lines (Herbig 1977). It is this evidence
which suggests most strongly that the class of objects subject to
FU Orionis-type outbursts is not remarkably different from
the class of typical T Tauri objects. A notable feature of this
early spectrum is that, because there were no absorption lines
from which a spectral type could be determined, the pre-
outburst V1057 Cyg was classified a “continuum” source.
Although continuum sources are not unheard of among
T Tauri objects, they are not common (8/72 in Beckwith et al.
1990).

As well as being a function of wavelength at any one time,
the spectral type of V1057 Cyg at one wavelength has been
observed to change over time. At peak light the optical spectral
type was that of an A-F supergiant. During the decay phase it
cooled to that of an early-G supergiant (Herbig 1977, KHH
88; KH 91). This variation in spectral type suggests that the
dropping luminosity is not due merely to changing obscur-
ation, but signifies real changes in the properties of the under-
lying object.

Figure 2 shows the B— V and R —I color evolution of V1057
Cyg since 1969 (again observed colors are on the left axis while
absolute colors estimated from corrections in Table 1 are on
the right axis). Before outburst, V1057 Cyg was noted to be
“rather red” (Herbig 1977) and an estimate by Haro (1972)
suggests that in 1965, R—I ~ 1.8. This estimate appears as a
filled square along with more recent R—1I colors in Figure 2.
Color evolution is summarized as follows. Throughout evolu-
tion B—V > R—1I. During the rise to peak light, the colors
decrease, and B— V decreases more than R —I (i.e., changes are
again greatest at short wavelengths). Since outburst, colors are
consistent with steady increase. It will be seen that not only are
these evolutionary features present in model outbursts, but the
values of model colors are comparable to the dereddened
colors of V1057 Cyg.

2.3. Line-Width Velocities

As discussed above, absorption lines in FU Ori objects are
thought to arise from the surface of a self-luminous, rotating
disk. Different wavelengths probe different temperature
regimes and therefore different disk radii. Monitoring of varia-
tions in these absorption lines could therefore provide valuable
insight into the thermal evolution of the FU Ori disk. Since
peak light, optical line widths in V1057 Cyg have decreased
from v sin i~ 70 kms~! in 1973 to ~45 kms~! in 1989
(Herbig 1989). Herbig has argued that this decrease is counter
to the disk-outburst model through the following argument. If
the declining luminosity of V1057 Cyg since peak light can be
modeled as a uniformly cooling accretion disk, the radius at
which a given temperature is found should decrease with time.
As this radius moves inward, its associated Keplerian rotation
rate should increase. The line width at a given wavelength
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FiG. 2—V1057 Cyg. Color evolution of B—V and R—I. Triangles compiled by Kenyon & Hartmann (1991); filled square represents preoutburst estimate of

Haro (1972).

should therefore increase as the object drops in luminosity.3
That line widths are seen to decrease therefore requires addi-
tional elaboration of the accretion disk model. It will be seen
that decreasing line widths are a natural consequence of the
outward propagation of the thermal front during outburst.

2.4. Spectral Energy Distributions

Hartmann, Kenyon and collaborators have had a great deal
of success modeling the broader than blackbody spectral
energy distributions (SEDs) of Fuors as arising from luminous
accretion disks by assuming that the mass flux through these
disks is the same at all radii (Hartmann & Kenyon 1985; KHH
88; KH 91; KHK 91). Later in this contribution we briefly
examine the implications for SEDs of an evolving mass flux
distribution.

3 A similar argument by Hessman et al. (1991) for a small outburst of the
FU Ori object Z CMa is questionable, given the evidence that the light varia-
tions may be produced by scattered optical light from the luminous infrared
companion; Whitney et al. 1993.

Figure 3 shows the dereddened spectral energy distribution
of Fuor V1057 Cyg at five epochs during the decline from peak
light. Extinction (4, ~ 3.5) is estimated by KHH 88 from the
assumption that short-wavelength radiation is well represented
by a constant mass flux disk in the fourth epoch (not from
Table 1). KH 91 note that the fading of the long-wavelength
(A 2 8 um) radiation closely follows the fading of the total
luminosity. This additional excess is modeled as arising from
the reprocessing of inner-disk photons in a circumstellar
envelope with an infalling mass flux of 4 x 1075 M yr™'. At
short wavelengths (A < 1 um) radiation is sensitively depen-
dent on both the details of the inner boundary condition and
the extinction correction. Our investigation therefore focuses
on the slope in the 1-8 um region which suffers the least con-
tamination from envelope and boundary layer emission. In this
region, for a disk with radially constant but temporally
decreasing mass flux the slope is expected to be nearly constant
(as for dashed lines in Fig. 9a below). It can be shown that the
observed change in slope during decay from peak light is a
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natural consequence of a disk in which the mass flux is not
radially constant.

3. METHOD

In this section, the models which will be used in the detailed
light curve fitting of the program objects in § 4 are described.
The self-regulated BL 94 thermal disk-outburst models which
form the numerical basis for the current work are summarized
in § 3.1. In these self-regulated outbursts, the ionization front
propagates from the inner edge of the disk to the limiting
radius Ry;.;,, producing light curves with timescales compara-
ble to the slow-risetime outburst of V1515 Cyg but too slow to
match the more rapid rises of FU Ori and V1057 Cyg. In § 3.2
the temperature distributions of disks with subcritical and
supercritical mass fluxes are compared, and it is shown that the
latter have a large inner region which hovers on the brink of
thermal instability. In § 3.3 the generic propagation of ioniza-
tion fronts is discussed. It is shown that an inward moving
(“ outside-in ”) front will move faster than an outward moving
(“inside-out ) front and will therefore exhibit a more rapid
risetime. In § 3.4 a surface density perturbation is introduced
which triggers an inward moving ionization front. In § 3.5 we
discuss how the shape of a given light curve may be used to
estimate the magnitude of the underlying perturbation.

3.1. Bell & Lin Models

Bell & Lin (1994) make use of the results of two one-
dimensional models to derive disk structure during the out-
burst cycle. Hydrostatic, atmosphere-type models resolve
vertical structure through the nebula and include convective
transport of energy (mixing length theory) as well as self-
consistently accounting for departures from vertical thermal
balance. Results of these models are used principally to calcu-
late the vertical radiative losses (Q ) for each annulus as a
function of central temperature and surface density: Q (T, Z).

The second numerical model is a time-dependent, viscous-
diffusion code which calculates the radial evolution of T, and X
during the outburst cycle. Local disk heating (Q*) occurs
through in situ viscous dissipation. This process is assumed to
far outweigh the effects of irradiation by the central star or
inner disk; the effects of reprocessing are ignored. Both models
assume axial symmetry and use the same detailed opacities and
equation of state. Results assume a 1 M  central object and an
inner disk radius of 3 Rg,.

Mass is fed into the outer disk at a constant rate: M,,. If the
input mass accretion rate (M;,) lies above a critical mass flux,
the disk will heat up to a regime in which the dramatic increase
of opacity during the ionization of hydrogen (x ~ T*°) causes
the system to go into outburst. This critical mass flux: M_;, ~
5x 1077 Mg yr, is found to be independent of the viscous
efficiency « for the tested range of 10~* to 10™*. The value of
M., is somewhat dependent upon the assumed stellar mass
and radius: 1 My and 3 R, respectively (BL 94). During
outburst the mass flux through the inner disk greatly exceeds
both M, and M,,, and the surface temperature of the disk
(6000—8000 K) greatly exceeds that of the star (3000—4000 K).
The outburst continues until sufficient mass is drained out of
the disk onto the central star for the disk to cool below the
recombination temperature of hydrogen. The system then
drops back into the low state, and accretion through the inner
disk decreases below M.

In a system where the outer disk is fed at a steady rate such
that M;, = (1-10) x 107° My yr~! > M,,;,, model outbursts
recur periodically on a timescale governed principally by the
low state viscosity. Disks with a viscous efficiency o = 1074
where hydrogen is neutral and 10~3 where ionized produce a
cycle for which =100 yr is spent in outburst and 21000 yr in
quiescence. If FU Ori outbursts occur mainly in the embedded
phase, which is thought to last a few times 10° yr (e.g., Kenyon
et al. 1994), these timescales are consistent with observed event
statistics.
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Throughout the cycle, material is supplied to the outer disk
at a steady rate, and the outer disk adjusts to this constant
mass flux. The smallest radius which can remain stable, Ry,
is derived in BL 94 and depends on the input mass flux (M,,),
the star’s mass (M,), and the surface temperature at which
midplane hydrogen begins to ionize (T;[H]):

Min 1/3 M* 1/3 T:i[H] —-4/3
Rt = 20 R0<3 x 107% M, yr—l) <M0> <2000 :

Y]

(The value of T;[H], depends slightly on the radius—cf. Figure
3ain BL 94—but not on a.) Note that fronts may travel signifi-
cantly beyond Ry;,; especially in strongly perturbed systems.
Beyond Rj;yy, (in the “outer” disk), mass is stably transported
at the rate M,,. Inside Ry;,,; (the “inner” disk), the disk cycles

. between a high-mass flux, outburst state and a low-mass flux,

quiescent state. The inner disk is rapidly depleted during out-
burst and slowly replenished during quiescence. During quiesc-
ence, mass accumulates near R;;,;,. Outbursts tend to begin
near the inner disk edge because it is there that the lowest
surface densities are required to ionize hydrogen. The resulting
self-regulated outburst is typically an “inside-out ” outburst, in
which an ionization front is initiated near the inner edge of the
disk and propagates out to Ry;,;,. This outburst cycle has also
been used to explain the periodic outbursts of cataclysmic vari-
ables (e.g., Lin, Papaloizou, & Faulkner 1985).

During outburst, the disk can be thought of as divided into
adjoining disks of differing mass flux: the inner, high-mass-flux
region which provides short-wavelength photons and the
outer, low-mass-flux region which provides longer-wavelength
photons. Each portion of the disk has a vertical scale height
which increases with radius: H = 0.3r in the inner disk and
H = 0.1r in the outer disk. The inner disk is therefore not only
considerably thicker than the outer disk, but it is bowl-shaped
in such a manner that the outer disk is effectively shielded from
the intense radiation of the inner disk. Because of this pheno-
menon and because of the difficulty of computing the mutual
reprocessing between two surfaces of constantly changing
aspect angle, the effects of reprocessing are not included in our
calculation.

3.2. Subcritical versus Supercritical Disks

Outbursts may be initiated at any radius of any disk for
which the surface density can be elevated above the local criti-
cal value: X (), for a time sufficiently long (several thermal
timescales: Lin et al. 1985) to initiate a local thermal runaway.
The value of X, is a strongly increasing function of radius (BL
94). In self-regulated outbursts, X exceeds X , first at the inner
edge of the disk due to the inexorable inward diffusion of
matter. Also, outbursts may be artificially triggered in disks
through the addition of a perturbation in surface density. How
big a perturbation must be to trigger an outburst in a given
disk therefore depends sensitively on the initial underlying
surface density distribution which in turn depends on the input
mass flux.

Model disks can be classified by input mass flux as either
“subcritical ”: M;, < M., or “supercritical ”: M;, > M. In
subcritical systems, the surface density and temperature
decrease monotonically with radius so the addition of a large
perturbation in the surface density is necessary to bring an
annulus of the disk to the point of instability. All outbursts in
these systems will be triggered because by definition a sub-
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critical disk is not subject to self-regulated outbursts. As
Clarke et al. (1990) found with a 1077 Mg yr~! disk, a sub-
critical system may require a very large perturbation to trigger
thermal outburst.

In supercritical systems, the surface density increases out to
the radius Ry, given approximately by equation (1) and
decreases thereafter. During quiescence, throughout the inner
disk (r < Ry the local surface density, X, is never far from
the critical value for the ionization of hydrogen, X, and the
midplane temperature, T, is therefore everywhere close to the
ionization temperature of hydrogen. In their inner disks,
quiescent supercritical systems are therefore never far from the
conditions necessary to initiate the ionization of hydrogen, so
perturbations need not be large to trigger an outburst. In
supercritical systems, outbursts may be either inside-out (self-
regulated or weakly triggered) or outside-in (triggered).

To demonstrate that it is generally easier to trigger outbursts
in supercritical systems than in subcritical systems, the radial
dependence of the midplane temperature is derived for both
cases. In a subcritical or conventional constant mass flux disk
T.(r) is derived by assuming (1) the central density p = X£/2H ~
2Q/2c,, (2) the midplane optical depth 7, = x, /2 > 1, (3) the
central opacity k, = k; p°T® (as in the Appendix of BL 94), and
(4) the standard radiative relation T%; oc T?#/z,. Solving for
T.(r) using the equation of vertical thermal balance: Q™ = Q*,
the radial dependence of the central temperature in a sub-
critical disk can be shown to be

dinT, 9 + 6
dinr 10 + 3a — 2b) °

An opacity appropriate for temperatures in the several thou-
sand degree range before H-opacity becomes important is
given by a = %, b = 3 (BL 94). These numbers when applied to
equation (2) show that the temperature in this regime falls
steeply with radius: T, ~ r~2-2, Even if the innermost annulus
is on the brink of instability, for a subcritical disk the pertur-
bation required to trigger outburst therefore grows rapidly
with radius. In contrast, during quiescence in supercritical
disks, T;(r) interior to R, is essentially independent of radius,
T, ~ r° (BL 94), so the entire inner disk hovers on the brink of
hydrogen ionization, and outbursts are easy to trigger at any
radius within R;;,,;, of the central object.

@

3.3. Inside-Out versus Outside-In

Because the increasing optical brightness of the system
during the onset of outbursts is principally governed by the
changing area of the portion of disk in the thermal high state,
the rise time is determined by the propagation of the ionization
fronts through the inner disk. As background for our dis-
cussion of light curve fitting, we now discuss the generic propa-
gation of ionization fronts through the protostellar disk (for
the case of cataclysmic variables see Smak 1984 and Lin et al.
1985). It can be shown that outbursts which initiate near the
inner edge of the disk and propagate outwards (“inside-out”
outbursts) always have slow risetimes because the ionization
front must proceed in a “snow plow ” manner, moving up the
surface density gradient in a direction contrary to the global
flow of matter. In contrast, outbursts which are initiated near
the outer edge of the unstable region and propagate inwards
(“outside-in” outbursts) exhibit rapid risetimes because the
ionization front proceeds down the surface density gradient
and moves with the global flow of matter at “avalanche”
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speed. The primary conclusion of this section is that with this
thermal instability model, outbursts must initiate near Ry;,;
and propagate inward to produce the rapid risetimes seen in
FU Ori and V1057 Cyg.

It can be shown that an inward-propagating front travels
faster than an outward-propagating front, and thus an outside-
in outburst has a shorter risetime than an inside-out outburst.
Because the propagation of a front requires sufficient mass
transfer from the ionized region to bring the surface density of
the neighboring annulus above the local critical value, the
front propagates at a speed comparable to the rate of mass
transfer across the ionization front, U,. It can be shown from
the equation of motion, ZU,r = —3r'/%(0Zvr'/?/dr), that the
viscous flow of matter follows the relation

+2).,

where v is given in the o approximation by ac, H. When the
term in parentheses is positive, the ionization front propagates
inward; where it is negative, the ionization front propagates
outward. Both sign and magnitude of the radial gradients of T,
and X therefore contribute to propagation of inward- and
outward-moving fronts.

Radial gradients of T, and X can be estimated from Figures
4a and 4b, respectively. This figure shows the onset of a typical
triggered outburst and will be discussed more fully below. Ini-
tially both gradients are relatively flat: dln T,/0Inr ~ 0 and
dInX/dInr > —1. As the triggered region begins to ionize and
heat, the gradients become positive in sign on the inner edge of

v(0lnX JlnT,
: ;( G

Ur= - dlnr = dlnr
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the ionized region and negative in sign on the outer edge. (The
behavior of X(r) between the two fronts is more complicated
due to a local depletion caused by the spreading of this effec-
tively isolated, high-viscosity annulus.) The magnitude of both
gradients, however, is significantly larger on the inward edge of
the ionized region than on the outward edge, and therefore the
symmetry is broken. Current estimates agree with the Lin et al.
(1985) derivation which suggests a typical gradient of ~r/H at
the inner edge of the region undergoing ionization and ~ —1
at the outer edge. The inward-moving front therefore propa-
gates at the rate U, ~ ac, approximately r/H faster than the
outward-moving front which travels at ac, H/r.

In both outside-in and inside-out outbursts, decline from the
high state is governed by the slow radial propagation of the
outward-moving front and so always occurs on a long time-
scale. Decay timescales may be modified due to effects not
considered such as, for example, the self-illumination of the
disk (i.e., the reprocessing of inner-disk photons in the outer
disk). Self-illumination could have various dynamical effects
such as prewarming the disk leading to an increased radial
propagation of the outward-moving front, or it could stall the
system in the outburst phase by prolonging the ionization of
hydrogen in the transition region. Also the thermal structure of
the disk during quiescence could be altered which might affect
recurrence timescales (as in Bell, Lin, & Ruden 1991).

3.4. Perturbation Parameters

In this section a perturbation in surface density is introduced
as a way of creating outbursts which initiate some distance
from the central object. It may be that a mass transport mecha-
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FiG. 4—Onset of triggered model outburst. Radial disk evolution during time-dependent diffusion calculation for which M, M »» AZ/Z, and R, equal 5 x 10-¢
Mg yr,0.02 M, 0.5, and 20 R, respectively. Successive snapshots (19) are separated by 1 yr intervals; initial and final epochs are marked i and f, respectively.
Outburst begins near 10 R, initiating two ionization fronts marked by surface density maxima traveling away from ignition point. (a) T;(r). Midplane temperature
(K). (b) Z(r). Surface density (g/cm?). Dotted line marks critical surface density, £ ,(r). (c) Ty(r). Surface temperature (K). Dotted line marks constant mass flux disk at
M;, =5 x 1076 Mg yr~*.(d) M(r). Mass flux [log,, (| Mo yr~*|)]. Zero mass flux at dotted line: inflow below, outflow above.
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nism more realistic than the ad hoc a-law viscosity used here
(see, for example, the discussion in § 5.3) will spontaneously
produce outside-in outbursts without requiring the invocation
of an arbitrary perturbation.

In a series of trial cases a surface density perturbation is
applied to the radial time-dependent evolution models during
quiescence to evaluate the impact of such perturbations on the
risetime and maximum disk temperature [ 7,,,.(¢t)] during out-
burst. Perturbations are added at the ambient temperature of
the disk and are specified by three parameters: the total mass
in the perturbation, M ,, the inner radius, R, and the fractional
surface density excess, AX/X. Given M, and R, the outer edge
of the perturbation, R,,, is determined by AX/X and M, such
that

po?

M, z < )Eo(r VA(r) , 4)

where X,(r) is the surface density at r before perturbation and
A(r) is the area of the annulus at r. The edges of the pertur-
bation are crudely smoothed such that AX/X is reduced to
one-third and two-thirds in the first and second perturbed
zones and to whatever is required to bring the perturbation
mass up to the specified M, in the last perturbed zone.

Several mass-conserving trial runs are performed in which
mass equal to M, is removed from the disk either exterior to
R, or interior to R,. Mass is subtracted in such a way that the
minimum remaining surface density is no less than 0.1%,. As
many zones are depleted as necessary to account for the mass
in the perturbation. When the depleted region is exterior to the
perturbed region, the duration of the outburst may be slightly
shortened as the ionization front stalls when it enters the
depleted region, but risetimes and spectral evolution are essen-
tially unaffected. When the depleted region is interior to the
perturbed region, however, the importance of the depleted
region depends on the strength of the perturbation. If the per-
turbation is such that a local thermal runaway is triggered
before significant viscous evolution has occurred (as when
AX/Z is large), then the depleted region has negligible effect on
the course of the outburst. If, however, the perturbation is not
sufficiently narrow or massive to trigger a local thermal
runaway, then viscous processes merely fill up the depleted
region and an outburst is prevented. Throughout the remain-
der of this work, the non-mass-conserving perturbation is used
in which M, is added to the disk without compensation.

The triggering of an outburst may proceed along a contin-
uum between two extremes. A strongly localized perturbation
results from a large value of AX/X and upon application imme-
diately increases the value of the surface density above its local
critical value X ,(r), triggering a prompt outburst which initi-
ates near R,. Alternatively, the mass added by a perturbation
may be so broad and shallow (small AX/X) that the surface
density is not directly increased above its local critical value.
The mass left by the perturbation (M), ) will evolve v1scously
inward heating the disk as it goes (Q oc X). If M, is large
enough, the critical surface density may still be exceeded first
far from the central object.

The effects of application of one such triggered outburst are
demonstrated through the time-dependent evolution of T.(r),
2(r), T(r), and M(r) at 1 yr intervals in Figures 4a—-d, respec-
tively. The model is the result of a broad perturbation applied
toan M;, = 5 x 107% M, yr~* disk with perturbation param-
eters M, = 0.02 M, AZ/Z 0.5, and R, = 20 Rg. (Note the
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lessening of the inward mass flux at about 50 R not seen in
the self-regulated BL 94 models which carries away the excess
angular momentum of the perturbation mass.) The added mass
diffuses inward resulting in an increase of the surface density
above X 4(r) (dashed line in Fig. 4b) at about 10 R,. The initi-
ation of hydrogen ionization triggers both inward- and
outward-propagating fronts from the ignition point. Because
in a given system M(Z,) is a strongly increasing function of
radius, initiation of instability at large radius results in an
outburst with larger characteristic temperature and mass flux
than an outburst initiated at small radius. Triggered (rapid
risetime) outbursts thus tend to be hotter and to have higher
outburst mass fluxes than self-regulated (slow risetime) out-
bursts in agreement with observations. Application of a pertur-
bation can prematurely drain a supercritical disk such that the
next (self-regulated) outburst may be significantly delayed.

3.5. Effect of Perturbation on Mg(t)

A triggered outburst differs from a self-regulated outburst
principally in that the first initiates two fully developed ioniza-
tion fronts while the latter initiates only one. The evolution of a
triggered outburst light curve, Mg(t), may thus be divided into
two phases: (1) an initial sharply peaked stage which is govern-
ed by the rapidly inward-propagating ionization front followed
by (2) a more rounded, plateau stage regulated by the slow
movement of the outward-propagating ionization front. Self-
regulated outbursts have no inward-propagating front and are
therefore only subject to the second phase. Further, the dura-
tion of the plateau phase is determined by Ry;,;, which therefore
suggests the degree of supercriticality of the disk undergoing
outburst. This duality explains why outbursts resulting from
perturbed, subcritical disks (as in Clarke et al. 1990) are strong-
ly peaked and have essentially no plateau phase while out-
bursts from self-regulated, supercritical disks (as in Bell & Lin
1994) have no initial spike and are all slowly evolving plateau
phase. The shape of an outburst light curve, in particular the
relative dominance of the two phases, can therefore suggest the
relative importance of the perturbation (if any) as well as the
degree of supercriticality (if any) of the underlying disk.

These general arguments based solely on light curve shape
can be used to suggest underlying disk properties of our three
program objects (Fig. 1). The FU Ori light curve has a rapid
risetime plus an extended plateau phase which suggests an
outburst from a (1) triggered, (2) supercritical disk. The
rounded light curve shape of V1515 Cyg suggests a “ spikeless ”
or principally self-regulated outburst. The strong initial peak
of the V1057 Cyg light curve suggests a triggered outburst, and
the nearly but not entirely plateauless decay phase suggests an
underlying marginally supercritical disk. The variety of light
curves may thus (leaving aside for the moment the source of
the trigger) be simply categorized by shape.

We have investigated the effect on the resultant Mg(t) of
varying M,, AX/Z, and R, independently through calculation
of over 150 models (Bell 1993). An example showing the effect
of varying the three perturbation parameters is shown in
Figure 5. The benchmark perturbation (given by the solid line
in each panel) is applied 1mmedlately after a self-regulated out-
burst to a disk with M;, = 5 x 107® M, yr~!; this is a strong-
ly supercritical disk so outbursts all have long plateau phases.
This system is the one shown in Figure 4 with parameters
M,=002 Mg, AX/X =05, and R, =20 Ry. Varying M,
from 0.0 to 0.02 M, (Fig. 5a) shows that additional mass some-
what lengthens the duration of the outburst (x~15% over this
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Fic. 5.—Parameter variations; dependence of Mg(t) on M,, AZ/Z, and R,,.
In all models M;, =5 x 107% Mg yr™* (Rjjmi ~ 25 Ry). The solid curve in
each panel has benchmark perturbation M,: 0.02 M, AX/Z = 0.5,and R, =
20 Ry (a) M, = 0.02, 0.01, 0.005, 0.001, and 0.0 M. (b) AZ/Z = 0.5, 1.0, and
3.0.(c)R, = 8,13,20,and 32 R,

range) as well as somewhat increasing the peak disk tem-
perature, mass flux, and risetime, but the primary effect of
increasing M, is to increase the dominance of the initial spike
phase of the outburst. The initially rapid rise (up to My ~ 2) of
the spontaneous outburst (M, = 0; dot-dash line) results from
the fact that even the self-regulated outburst does not initiate
at the very inner edge of the disk but at about two stellar radii
and consequently also has a brief outside-in phase (BL 94).
Note also that perturbed models have consistently higher peak
magnitudes than the unperturbed model. As well as being
more rounded in shape, self-regulated models tend to have
peak values somewhat lower than comparable triggered
models.

Larger fractional surface density excess, AX/Z, results in
larger peak disk temperature and mass flux, quicker decay
after outburst, and quicker onset of the outburst after applica-
tion of the perturbation (Fig. 5b); larger AX/X also results in a
somewhat longer risetime (the initial rise varies between 1 and
5 yr). Finally, variations in R, are investigated in Figure Sc.
For this relatively broad perturbation with R, inside the
unstable inner region (R = 25 R for M;, =5 x 107° M
yr™1!) the exact value of R, has no impact on the shape or
magnitude of the outburst; if the inner edge of the perturbation
falls beyond the unstable region, however, there is no rapid

FU ORIONIS OUTBURST 385

risetime, outside-in outburst but only a somewhat longer and
slightly more intense slow risetime, inside-out outburst.

4. RESULTS

A successful theory of FU Ori outbursts must be able to
reproduce the main features of observed light curves. The time-
dependent code developed in BL 94 is used to compute theo-
retical light curves by assuming that the surface of the model
disk radiates like a blackbody at the local effective tem-
perature. The sloping of the disk is also neglected in these
calculations, that is, relative areas only depend on the radial
interval. Models whose M light curves match as closely as
possible the observed outburst light curves for each of the three
program Fuors are developed. The observed risetime of V1515
Cyg is matched with the self-regulated outbursts developed in
BL 94. To reproduce the rapid risetimes of FU Ori and V1057
Cyg modest surface density perturbations are applied to super-
critical disks during the quiescent state. As discussed above,
the details of the perturbation are not as important as the fact
that their application changes the outburst from one which is
initiated near the star (i.c., “inside-out ”) to one which is initi-
ated near the outer edge of the unstable region of the disk
(“ outside-in ). Throughout this work, models are not corrected
for either distance or extinction. Data are compared to models
using estimated corrections given in Table 1.

Actual fits to specific objects are derived in § 4.1 solely on the
basis of M g(t) light curves. Resulting models are then compared
to other observational aspects of Fuors to test the predictive
power of simple light curve fitting. We examine in turn the
evolution of photometry and colors in § 4.2 and line widths in
§ 4.3. In § 4.4 the generic evolution of model SEDs is discussed
to isolate how different spectral regions can tell us about the
evolution of the underlying ionization front. Finally the low-
mass-flux phase of evolution is discussed (§ 4.5), and sugges-
tions are made about how to identify Fuors in quiescence.

4.1. Light Curve Fitting

We now discuss specific fits to the three program objects.
Model parameters are summarized in Table 2. Also given are
“current ” values (recorded at the end of light curve fitting) of
maximum disk temperature (T,,,), mass flux through the
innermost zone (M,,), and the largest radius with fractional
ionization greater than 1076 (R,).

Note that uncertainties in extinction allow almost a magni-
tude in leeway in fitting Mg(t) (cf. Table 1). One value for the
extinction is adopted. Note also that observations (especially
at early times) show a great deal of scatter. For our given
choice of correction there is more than one model which fits

TABLE 2
PARAMETERS AND RESULTS OF OUTBURST MODELS

Min Mp Rp Tmaxﬂ M* Maccﬂ Rxa
Model (Mgyr™') (1072Mg) AZ/Z (Rp) (K) (M3yr™') (Ro)
Al..... 3x10°¢ 1.0 3 13 7800 55x107° 35
A2..... 3Ix10°°¢ 1.0 10 13 7800 58x107° 35
A3..... 5x 1076 0.7 S 20 8000 65x107° 35
Bl..... 1x107¢ ... 7900 60x1075 26
B2..... 8x107° ... 7700 53x107% 25
B3..... 5x10°¢ 0.1 4 34 7900 6.1x107% 26
Cl..... 1x107¢ 0.2 3 10 6700 26x107° 24
C2..... 1x10°¢ 0.2 5 10 6700 26x107° 24
C3..... 8x 1077 0.3 5 10 6900 3.0x107° 24

2 “Current ” values at end of light curve fitting.
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each program light curve to a high degree of accuracy. Allow-
ing for uncertainties in extinction, there are therefore many
possible models which could fit any given Fuor light curve.
More exact specification of model parameter ranges would be
possible if extinctions were more precisely known. Also,
because the central object masses are not known, an additional
uncertainty is introduced into the model fits mass fluxes.

In Figure 6a are shown three outburst models which satis-
factorily reproduce the general features of the 1936 outburst of
FU Orionis (models A1, A2, and A3); data dereddened by the
factor given in Table 1 are shown for comparison as small dots.
All three result from triggered supercritical disks with differing
perturbation parameters (Table 2). All three of the models
reproduce not only the light curve shape but also the current
absolute B magnitude (—0.5) of FU Ori. The current model
maximum disk surface temperature, T, ,, ~ 7900 K (Fig. 6d),
modestly exceeds FU Ori’s current temperature, 7200 4+ 400 K

" (KHH 88), estimated from SED fitting under the constant-

mass-flux disk assumption.

Figure 6b shows three outburst models which are patterned
after the outburst of V1515 Cygnus (models B1, B2, and B3).
Solid and dotted lines are self-regulated outbursts for which
M;,=1x10"% and 8 x 10°® Mg yr™!, respectively. The
dashed line represents a modest perturbation (0.001 M) on a
5x107° Mg yr™! disk applied at large radius (R, > Ryimi)
which also matches the observations very well. Modeled disk
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temperatures = 7900 K (Fig. 6¢) somewhat exceed estimates of
the current disk temperature of ~7000 K (KHK 91). Because
of the obscuring of the light curve by the 1980 dust conden-
sation event, we do not attempt to fit the observations at late
times.

Figure 6c shows three light curves which attempt to match
observations of V1057 Cygnus (models C1, C2, and C3). None
of the three (nearly coincident) models are entirely satisfactory
because all fail to rise and fall as sharply as observed and fail to
attain the luminosity seen near peak light. Nevertheless the
“current ” (measured at the end of light curve fitting) disk tem-
peratures of 6800 K (Fig. 6f) fall within the range of the esti-
mated peak disk temperatures of 6600 + 400 K (Hartmann &
Kenyon 1985). Note also that V1057 Cyg is estimated to be
observed nearly pole-on (Table 1); short-wavelength boundary
layer effects which are not considered in this work may be
particularly important in this object especially during the ear-
liest stages of outburst.

The light curves of FU Ori and V1515 Cyg are well fit by the
models. The poor fit to the early light curve of V1057 Cyg may
be improved with a small increase in the value of the high-state
viscosity a-parameter. A larger value of « would result in more
rapid viscous evolution during outburst and consequently
shorter timescales. A factor of 10 larger results in unacceptably
short recurrence and outburst timescales (BL 94). A factor of 2,
however, might improve this fit without detrimentally impact-
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ing recurrence timescales. Although a larger value of « also
tends to raise disk temperatures during outburst, the quicker
timescales would allow lower values of M;, for each fit which
would in turn result in lower temperatures. In this way, slightly
different parameters may, with a slightly larger value of o,
result in lower peak temperatures more in line with what is
estimated from observations for all three objects. Despite the
listed discrepancies, the agreement of models with the observ-
ations is excellent.

4.2. Photometric Evolution

So far models have been matched to program objects
entirely on the basis of the fitting of B-band light curves with
somewhat arbitrarily chosen extinctions. In this section models
are compared with observations of evolution at other wave-
lengths and at B—V and R—1 colors as a test of the predictive
power of the models. Several standard accretion disk relations
are introduced to assist the interpretation of model evolution
in terms of changing disk properties.

The changing temperature of the disk is important in under-
standing the evolution of magnitudes, colors, and spectral
energy distributions. The BL 94 models make use of the no-
torque inner boundary condition, ¥(0) = 0, which results in a
disk with a maximum rotation (Q) at the characteristic radius
of R = 1.36R, (BL 94). Because local dissipation is pro-
portional to Q%: * = (9/4)ZvQ?, the disk surface temperature
is a maximum at R,,. For a steady-state, optically thick acc-
retion disk, the condition of vertical thermal balance
(@™ = Q™) and the equation of motion (BL 94, eq. [1]) can be
combined to define the local disk surface temperature Ty(r) as a
function of the local mass flux M(r):

26T4(r) = % MT:—) (1 - \/§> % . ®)

This function, evaluated at M =5 x 107 My yr™1, is rep-
resented by the dashed line in Figure 4c. The maximum disk
surface temperature occurs at R;,, and is given by

_ M\ M R, )]
e (9 e G I G

Again, the effects of the reradiation of central object photons
by either outer disk or infalling envelope are not included. It is
clear from equations (5) and (6) that optical emission will only
be produced by the disk when it has a high accretion rate, and
then it is only produced by the hottest, innermost regions.
Longer-wavelength data is relevant to larger disk radii.

The evolution of the broad-band photometry points B, K,
and N (4400 A, 2.2 um, and 10.4 um respectively) for the nine
model outbursts are shown in Figures 7a, 7b, and 7c. Note that
although all B-band light curves in each panel are nearly indis-
tinguishable at early times, different models show some variety
in decay times. Because the decay from the plateau phase is
always controlled by the slowly moving, outward-propagating
front, models show similar, relatively slow declines regardless
of the risetime. Because the outer steady mass flux region pro-
vides unchanging long-wavelength radiation while mass flux
through the inner disk provides constantly changing short-
wavelength radiation, magnitudes change most at short wave-
lengths in agreement with observations of V1057 Cyg (KHH
88). Because the ionization front continues to propagate
outward even after the inner mass flux has started to drop,
radiation shifts to longer wavelengths, and objects continue to
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F1G. 7.—Evolution of model magnitudes, colors, and line-width velocities.
(a), (b), and (¢) B, K, and N magnitude evolution. (d), (e), and (f) R—I and
B—V color evolution. (g), (h), and (i) Line-width velocity evolution at 4000 A,
6000 A, and 2.3 um in km s~ . (a), (d), and (g) FU Ori-like models. Solid lines
represent A1l; dotted and dashed lines (shown only for photometric evolution)
represent models A2 and A3, respectively. Other quantities scale as B(z). (b), (e),
and (h) V1515 Cyg-like models. Solid, dotted, and dashed lines represent B1,
B2, and B3, respectively. (c), (f), and (i) V1057 Cyg-like models. Solid, dotted,
and dashed lines represent C1, C2, and C3, respectively.

brighten at K long after they have begun to fade significantly at
shorter wavelengths.

Figure 7d, 7e, and 7f show the time evolution of the B—V
and R—1 colors for the Al, B1, and C1 models, respectively.
For clarity, full evolution is not shown for the remaining six
models. Colors of other models scale with time similarly to the
B band. Changes in magnitude and color are again greatest at
short wavelengths. Short-wavelength colors are greater than
long-wavelength colors in agreement with observations, and
the values of these colors are close to the colors measured for
V1057 Cyg both before and during outburst (Fig.2).

4.3. Line-Width Velocity Evolution

In this section it is discussed that the outward movement of
the ionization front during outburst naturally leads to a
decreasing Keplerian line-width velocity. Near the end of the
outburst, however, as the dropping mass flux in the inner
annuli begins to dominate the evolution, line widths at wave-
lengths less than 1.5 um are expected to increase.

Many radii contribute to the apparent line width at any
given wavelength. The primary contributing radius: R,(4), is
roughly that radius specified by the Wien Law for which
T(K) = 0.29/A(cm). Although temperatures and therefore
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fluxes are generally smaller for the outer annuli, the increasing
areas are such that fluxes are often dominated by annuli at a
radius somewhat larger than suggested by the simple Wien
Law. A standard blackbody flux is calculated for each annulus:

2hc? h -t
BT = =5 {exp [ Ak{m] - 1} .0

where h, ¢, and k have their usual meanings. Velocities are
flux weighted by the factor W(r) = B,[T(r)] x A(r), where
A(r) is the area of the annulus at r. Again, the shape of the
disk’s surface is neglected and areas are given simply by
n(R%. ; — R?). The velocity for the wavelength A is given by

V) = IR W)/ GM Jr ®
T kwe)
where R, = 3 Rg and R; = 20 AU are the inner and outer disk

. radii, respectively. The effects of stellar radiation are not

included. During outburst, this stellar contribution will be neg-
ligible. During quiescence, reprocessing of stellar light will
cause velocities to deviate from what is suggested by this
simple analysis.

Figures 7g, 7h, and 7i show the evolution of the Keplerian
velocities at 4000 A, 6000 A, and 2.3 um (shorter wavelengths
display larger velocities) which correspond to disk tem-
peratures of roughly 7200, 4800, and 1300 K, respectively. The
sudden increase in velocity during the onset of outburst is due
to the rapid increase in T,,, which increases the flux from inner
annuli “dragging in” the radius R,(4). The decreasing line
widths after peak light are due to increasing flux from larger
radii as the ionization front propagates outward. As more of
the disk enters the high state, rotational velocities are domi-
nated by successively larger radii and therefore decrease. Near
the end of outburst when the increasingly rapid drop in inner
mass flux begins to dominate over the effect of the outward-
propagating front, the conventional picture becomes appropri-
ate. Uniformly dropping disk temperatures cause R, to move
in, and the line widths again increase.

Velocity reversal does not occur in the 2.3 um line because
disk annuli with the low temperatures it probes (1300 K) never
reach the fully ionized state. For all wavelengths greater than
about 1.5 um (corresponding to a surface temperature of 2000
K) velocities are determined by the constant mass flux outer-
disk annuli which never go into outburst. The dominant radius
is only dragged in at all during outburst because the blackbody
tails of the luminous inner annuli provide a bright, high-
velocity component to the flux. It can be seen that R, is never
less than R, at 2.3 um. For example, the maximum line-width
velocity of model C1 of ~80 km s~ ! indicates that R, ~ 30
R, while Table 2 indicates that R, ~ 24 R,. After peak light,
as the inner disk fades, R (1) increases, and the velocity drops.
This line-width velocity evolution is a strong prediction of the
thermal accretion outburst model, and one which may be
observationally testable.

4.4. Spectral Energy Distributions

In this section the generic evolution of model spectral energy
distributions (SEDs) is examined. We do not attempt to specifi-
cally model particular sources, but discuss instead how the
general slopes and evolution of model SEDs differ from the
constant mass flux (CMF) models particularly in the 1-8 um
range. Shortward of 1 um, the SED is expected to be strongly
affected by the poorly understood inner boundary condition.
Longward of 8 um, radiation from the disk is overwhelmed by
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reprocessing in the geometrically thick infalling envelope. In
particular discussion focuses on the differences between con-
stant mass flux disks and disks for which mass flux varies with
radius. As discussed above, the effects of the reprocessing of
stellar and inner disk photons in the disk are not included.

Figure 4c shows several snapshots of the surface tem-
perature distribution for a model system making the transition
from quiescence to outburst. The dotted line in this figure
represents the radial distribution of surface temperature for a
disk with mass flux equal to the input value of M;, = 5 x 107°
Mg yr~ . In the outer disk (r 2 25 Rp), the disk has the tem-
perature distribution of a steady disk at the input mass flux
rate. In the inner disk, however, mass flux and temperature
distribution differ considerably from what is expected from a
constant mass flux system. During quiescence the inner-disk
mass flux is smaller than M, so the disk temperatures are
lower than in a CMF disk accreting at M, ; during outburst,
mass fluxes and therefore temperatures are correspondingly
larger. In this section the effect of this break in mass flux on
resulting spectral energy distributions is investigated.

Spectral energy distributions are calculated by summing the
standard blackbody relation (eq. [7]) over all radii. Spectra are
normalized to a distance of 10 pc. Although the dominant
contribution to the disk’s SED comes from the active inner
annuli, to avoid the long-wavelength distortions which can
result from a smaller radius cutoff (Bell 1993), Ty(r) is calculated
from R, = 3 Ry, to the outer edge of the model disk at 0.5 AU
from time-dependent results and out to R; =20 AU from
equation (5) for a constant mass flux disk accreting at M.

Figure 8 shows time-dependent SEDs of disk model Bl (a
self-regulated model with M;, =1 x 1075 M yr™ ! during the
rise to peak light (a) and during the decay after peak light (b).
These figures illustrate how the propagation of the underlying
ionization front affects the spectral evolution. Throughout the
evolution, the region beyond 8 um remains essentially con-
stant. This part of the SED is produced by the outer disk which
is relatively unaffected by the outburst in the inner disk. It can
be seen that the constancy at 4.8 um noted in V1057 Cyg
(KHH 88) is a natural consequence of the thermal outburst
model. Qualitatively similar to the behavior seen in V1057
Cyg, decay after peak light occurs first at short then at longer
wavelengths. With the inclusion of reprocessing of light from
the inner disk and central object by the infalling envelope (as in
KH 91), the radiation beyond 8 um is expected to rise and fall
with the short-wavelength radiation (KH 91) as in Figure 3.

The details of these model SEDs can be understood as
tracing the movement and evolution of the outward-moving
thermal front through the protostellar disk. To assist the dis-
cussion, a series of arbitrary or “toy” models are developed in
which equation (5) is used to create an artificial disk where
inner and outer mass fluxes and the transition radius (=R))
may be varied independently. Note that this procedure
assumes that local energy generation is strictly equal to local
radiative losses (i.e., vertical thermal balance is assumed). The
effects are discussed of (1) differing inner and outer mass fluxes,
(2) the radius at which such transition occurs, and (3) deviation
from vertical thermal balance. Note that this analysis assumes
that the object may be perfectly dereddened and is observed
face-on although in practice the extinction to any object and its
inclination are parameters in the fitting procedure (e.g.,
KHH 88).

Figure 9a shows the effect on the resulting SED of varying
the inner mass flux, (3, 10, and 30) x 107¢ M, yr~?, while
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FiG. 8—Time evolution of self-regulated Model B1 spectral energy distribution before (a) and after (b) peak light at 10 yr intervals. Note near constancy beyond 8

um and decrease in infrared slope during post-peak light evolution.

holding constant the outer mass flux, 1075 M yr~?, and tran-
sition radius, R; = 30 R. Dotted lines indicate SEDs of con-
stant mass flux (CMF) disks. Models are reasonably well fitted
by the CMF approximation out to a few microns. Beyond this
wavelength, SEDs have significantly steeper slopes than CMF
disks. The effect of differing inner and outer mass fluxes may be
detectable in some Fuors in that dereddened SEDs dip from
best-fit CMF models in the 2-8 um region for V1057 Cyg,

FU Ori (KHH 88, Figs. 2a, 2b), and V1515 Cyg (KHK 91, Fig.
5). This effect is masked at longer wavelengths by the large,
long-wavelength excesses commonly associated with FU
Orionis variables which are thought to be caused by reprocess-
ing in circumstellar envelopes. Nevertheless it is clear that if the
decline from peak light is the result of a decline in mass flux in
the inner disk while the outer disk continues to transport
matter at a constant rate, the slope of the SED in the 1-8 um
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FI1G. 9—SEDs of arbitrary models. (@) Variation of inner mass flux. Joining radius R; = 30 R,. Solid lines represent disks with inner and outer mass fluxes of
(3,10, and 30) x 10"®and 1 x 10~ ¢ M, yr™?, respectively. Dotted lines are constant mass flux disks at (1, 3, 10, and 30) x 107® M, yr~'. (b) Variation of joining
radius. Solid lines have inner and outer mass fluxes 3 x 107% and 1 x 1076 M, yr™*, respectively, and transition radii R; of 5, 10, 20, 30, 50, and 100 R,. Dotted
lines are constant mass flux disks at M = (1 and 30) x 10~% M yr~*. Note decrease in peak wavelength for small R -
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region is expected to decrease over time. This effect is seen in
modeled disks (Fig. 8b) and is similar to the effect seen in the
SED evolution of V1057 Cyg (Fig. 3).

Figure 9b demonstrates the effect of holding constant inner
and outer mass fluxes: 3 x 107° and 1 x 107% My yr™%,
respectively, while varying the joining radius: R; = 5, 10, 20,
30, 50, and 100 R. Only a small high-mass flux inner region is
necessary to dominate the spectrum at short wavelengths; for
R; as small as 20 R, (1/10 AU) the peak of the SED is domi-
nated by the inner high mass flux region. For R; smaller than
20 R, however, the inner high mass flux region systematically
decreases the peak wavelength of the SED. All models in Figure
9b have the same maximum surface temperature and mass flux,
but those with R; <20 R have SEDs which peak at signifi-
cantly shorter wavelengths. This effect may have important
consequences for the interpretation of Fuor SEDs.

Increasing the transition radius beyond 20 R, has the effect
of increasing emission beyond 1 um bringing successively
longer wavelengths into closer agreement with the constant
mass flux model. The observational detection of changes in the
transition radius would provide a direct measure of the high-
state a viscosity parameter because the propagation of such
fronts depends on the value of « (§ 3.3).

Figure 10a compares the “current epoch” of model Bl
(solid line) with the dereddened data for V1515 Cyg (points;
KHK 91). Unlike the photometry points and colors above,
dereddening here is taken directly from KHK 91 from the best-
fit modeling of the SED as a CMF disk. The time-dependent
SED is fitted to the data at the 1.65 um point; the shift is less
than 0.1 in log,, (lF 2)- Model results show that the mass
ﬁowmg through the inner annulus at this epoch is M, = 6
x 1073 Mg yr~! (Table 2). Also shown in this figure are two
CMF disks with mass fluxes equal to M, (dotted line; fit at
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1.65 ym by shifting vertically by 0.4) and 4 x 107> M yr~!
(dashed line; shifted by 0.3). Note the identical infrared slopes
of the two CMF models. In the 2-8 um region, the slope is best
fitted by the time-dependent model. Shortward of 2 um, the fit
could be improved by (1) the use of atmospheric models
instead of the simple blackbody models used and (2) an adjust-
ment in the extinction.

To conclude our qualitative discussion of how time-
dependent SEDs differ from CMF SEDs, we now consider in
some detail the current epoch SED of model B1 which is
shown by the solid line in Figure 10b. The dotted line corre-
sponds to a constant mass flux model at M, = 6 x 107° M
yr~". Because the time-dependent SED peaks at a shorter
wavelength than the M, , model, both T, and M, might be
overestimated from the observations if SED fitting assumed a
CMF disk. Model results show further that M, =1 x
10~% Mg yr~*! for this model, and for the epoch currently
under discussion the ionization front is about 26 R,. As Figure
9b indicates, the spectroscopic impact due to differing inner
and outer mass fluxes depends critically on the joining radius
R;. The dashed line in Figure 10b results from a toy disk model
w1th inner and outer mass fluxes 6 x 107° and 1 x 107° M
yr~ !, respectively, and R; = 26 R,. This improves the fit dra-
matlcally at longer wavelengths but still produces a sur-
prisingly poor fit at short wavelengths.

A clue to the nature of the remaining discrepancy is gained
from the observation that the model has a T,,,, of 7900 K (Fig.
6b) which is less than the CMF model for a mass flux of
6 x 1075 Mg yr! of 9000 K (eq. [6]). The time-dependent
model therefore has a lower surface temperature than implied
by its mass accretion rate which is to say that the model devi-
ates from vertical thermal balance in the sense that its energy
content is greater than implied by its surface flux, that is, the
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FiG. 10—Observational and constant mass flux fits to model B1. (a) Dereddened SED data (points; KHK 91), two constant mass flux (CMF) disks with mass

fluxes equal to (6 and 4) x 107° Mg yr ™!
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(dotted and dashed lines, respectively), and “ current epoch ” of model B1 (solid line). Models are matched to data at 1.65 um.

Note infrared slope better fitted by time-dependent model than by CMF assumption. (b) Detailed toy model fits to current epoch of model B1 (solid line). CMF disk

with mass flux of M,,, = 6 x 107 Mg yr™* (dotted line). Split disk toy model with inner mass flux of M,,, outer mass flux of 1 x 1075 Mg yr~

1 and transition

radius of 26 R, (dashed line). Toy medel which accounts for deviation from vertical thermal balance (crosses) with same outer mass flux and joining radius but with

inner mass flux of 4 x 10~ M, yr~! provides best fit to time-dependent SED.
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= 4000 K (dashed line). (a) Tlmc—dependent model results (7 epochs) at

"and 107¢ M, yr™?, respectively.

Transition radii R; 10 20, 30, and 50 R . Short dashed lines: same but with inner mass flux 0 M, yr~*.

disk is storing energy. The effective temperature implied by a
given mass flux under the vertical thermal balance approx-
imation, Ty, is related to the actual surface temperature, T,
at a given radius by the fractional heat imbalance, &, through
the relation

Q" —0" T —-Tiys ., (1+F)
— vy =T =
Q0 +0" ~T + TV (1-%)

In the BL 94 models, a typical deviation from VTB during
outburst is # ~ —20%. While this fractional heat imbalance
results in only a 10% difference in the surface temperature,
T =~ 0.9Ty g, because M ~ T*, there is a 30% difference in the
estimated mass flux; M ~ 0.7Myp. If T, is observed from
high-resolution spectra and used to estimate M, mass fluxes
will therefore tend to be underestimated.

The SED given by crosses in Figure 10a represents applica-
tion of the & = 20% approximation which reproduces quite
well the output from model B1 at the current epoch. Assuming
that the departure from VTB is taken to be —20%, three
parameters must be specified to fit the SED: inner and outer
mass fluxes = 10 x 1073 and 1075 M yr ™!, respectively, and
R; =26R;.

F =

©

TVTB

4.5. The Quiescent Phase

The thermal outburst model put forth in this paper suggests
that for every system in outburst, 3—10 should be in quiescence.
If so, where are all these systems? In this section, it is discussed
that most of the systems subject to FU Orionis—type outbursts
are likely to be embedded YSOs of ages up to about 103 yr.
Spectral energy distributions of quiescent models are presented
(§ 4.5.1), and recent work (Kenyon et al. 1993a; Lin et al. 1994)
is discussed (§ 4.5.2) suggesting statistical evidence for the exis-
tence of quiescent Fuors.

4.5.1. Quiescent Fuor SEDs

The FU Orionis outburst model presented in this work
requires a steady infall in the outer region of the disk of a few
times x 10°® M yr~*. Dusty envelopes with these large infall
rates are thought to exist around not only many of the identi-
fied FU Orionis variables (KH 91) but also around all of the 21
embedded stars observed in a recent survey of the Taurus-
Auriga molecular cloud (Kenyon et al. 1993a). Infall rates of
this magnitude are associated with objects that have flat and
rising spectra (Adams et al. 1987). Unfortunately, there is little
or no early infrared photometry of an FU Orionis system
which would indicate the presence or absence of an IR excess
prior to outburst.

During quiescence, accretion from the outer disk accumu-
lates near R;;,,; because the mass flux interior to this point is
much smaller than the infall rate. The spectrum from such an
object will look like a constant mass flux disk accreting at the
infall rate, but with an inner edge of R,;,;,. Because the tem-
perature of this inner edge is always ~2000 K (BL 94), result-
ant SEDs are expected to peak at a few microns. Figure 11a
shows a series of SEDs from a time-dependent model disk with
M;, =107 Mg yr~! between outbursts. A 3 Ry central
obJect with T, of 4000 K (dashed line) has been added to the
disk SED.* The time-dependent disk model (solid lines) is
shown at 50 yr intervals. The SED shifts to shorter wave-
lengths as the disk heats up prior to its next outburst. Very few
optically visible T Tauri stars have the substantial IR excess
suggested by these model results, but embedded objects with
flat or rising spectra may disguise this feature with long-
wavelength radiation from reprocessing by outer disk or cir-
cumstellar envelope.

4 Again we do not include the effects of a passive, reprocessing disk.
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Figure 11b shows toy models of quiescent-Fuor disks which
suggest that the inner low-mass flux region may be interpreted
as a gap. Solid lines are models with inner and outer mass
fluxes 10”7 and 107 M, yr~*, respectively, with R; = 10, 20,
30, and 50 Ry. Models represented by dotted lines have the
same outer mass flux and transition radii but empty inner disks
(i.e., the mass flux of the toy model is set to zero). This effect
may be important in explaining the SEDs of the more massive
YSOs known as Herbig Ae/Be stars (Hillenbrand et al. 1992;
Bell 1994).

A strong test of a quiescent Fuor candidate would be the
identification of the 2.3 and 4.6 um CO absorption features
generally seen in FU Orionis variables. When present in
T Tauri objects, CO features are generally in emission (Carr
1988). In Fuors, CO absorption is thought to occur because of
the strong vertical temperature gradients which arise when
internally generated energy (as from viscous dissipation) is
* stronger than external heating (as from the star or inner disk).
When the disk is passively reradiating light from the central
object (as in the T Tauri case), radiation comes from a hot
chromosphere on the disk’s surface, so features, when present,
are in emission. Figure 11 suggests that in quiescent Fuors, the
luminosity between 2 and 5 um will be dominated by disk
emission. Even in sources with flat and rising spectra the con-
tribution due to reprocessing may still be small at this wave-
length. Features arising from the disk could be distinguished
from CO absorption in the infalling envelope or in the star as
disk features should be broadened by the rapid Keplerian rota-
tion of the disk. Identification of broad CO absorption features
would greatly strengthen the identification of a quiescent Fuor.

4.5.2. Candidate Quiescent Fuors

The Kenyon et al. (1993a) survey of 21 embedded protostars
in the Taurus-Auriga molecular cloud found that all objects
had luminosities which were considerably smaller than
expected from estimated accretion rates under the assumption
that such accretion proceeds directly down to the star. Further,
luminosities of embedded “ Class I” objects are observed to be
systematically smaller ~1 L than expected from theoretically
(Shu, Adams, & Lizano 1987) and observationally (Kenyon
et al. 1993a) derived mass fluxes ~30 L, (Kenyon et al. 1994).
Observations of ultraviolet spectra (Valenti, Basri, & Johns
1993) confirm that matter is not accreting onto the central star
at the rates expected for infalling envelopes. (See also Blondel
et al. 1993 in the context of the more massive Herbig Ae/Be
stars.) All of these things suggest that accretion through an
envelope does not necessarily imply accretion directly onto the
central star. This “luminosity problem ” finds natural explana-
tion in the context of the models currently under discussion in
which accreting mass is halted some distance from the central
object and accumulates in the disk.

Recent work by Lin et al. (1994) suggests a particular object,
HL Tau, as a candidate for an FU Orionis object in quiesc-
ence. HL Tau is a source whose spectrum is flat out to 100 um.
HL Tau is known to be a continuum source (there are no
optical absorption lines from which to assign spectral type) as
was V1057 Cyg before outburst. HL Tau is also associated
with a jet and has a magnitude similar to the Mz ~ 4 seen in all
Fuors before outburst.

The strongest evidence pointing to HL Tau as a quiescent
Fuor comes from recent millimeter maps by Hayashi, Ohashi,
& Miyama (1993) which suggest a large infall mass flux of
(5+2) x 107% M yr~! through the envelope at a distance of
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some 700 AU from the central object. This agrees with a recent
SED analysis which suggests an infall rate for HL Tau of about
4 x 107® My yr~* (Calvet et al. 1994). In contrast to this, an
upper limit to the rate of mass accretion onto the central star
can be derived by taking L, = 0.5GM M,/r for a 3 Rg
central object from the extinction-corrected bolometric stellar
luminosity of L, = 0.9 Ly (Beckwith et al. 1990) of 2 x 107’
M yr~ . There is an additional clue to unsteady mass flux in
that the far-infrared luminosity of HL Tau, L, = 6.7 L,
cannot be accounted for by reprocessing of stellar photons
alone. HL Tau’s flat temperature distribution of T ~ r~1/2
(Beckwith et al. 1990) would also find natural explanation in a
disk with a mass flux which is an increasing function of radius.

In addition to HL Tau, 14 of the 86 sources in Beckwith
et al. (1990) survey are such that L, > L. All of these sources
(including DG Tau which is also a continuum source with a
jet) have flat spectral energy distributions which can be
modeled as mass infall rates of a few times 1075 M yr™?, yet
have small stellar luminosities (&1 L) which (assuming
neglected UV luminosities are small as suggested by Valenti
et al. 1993) imply small stellar accretion rates. This contradic-
tion can be resolved if mass is accumulating in the disks of
these objects. In the absence of strong winds these disks must
be periodically flushed, perhaps in FU Orionis—type outbursts,
to prevent disk masses from quickly rising above observed
values (M, < 0.1 M ). In this group, that one out of six sources
is thought to be subject to FU Orionis outbursts suggests that
the timescale for the FU Orionis phase is conservatively
~1/10 the average protostellar age of 10° yr or about 10° yr in
duration (Kenyon et al. 1993b).

5. DISCUSSION

V1515 Cyg-type outbursts can be explained with a self-
regulated, BL 94-type outburst. Infall from a circumstellar
envelope naturally provides a mechanism to account for the
apparent repetitiveness of the phenomenon. With constraints
on the value of the viscous efficiency, timescales are found
which are in reasonable agreement with observations. Explain-
ing the more rapid risetimes of FU Ori and V1057 Cyg may
require a perturbation or a different mass transport mecha-
nism than herein investigated. In this section several implica-
tions of the thermal outburst model are discussed.

5.1. Rapid Risetime Outbursts

One of the notable things about the results of this limited
parameter study is that for a given M,,, a range of perturbation
parameters can lead to very similar light curve shapes (cf.
models A1, A2, and A3). In a general way, outbursts fall into
two categories: (1) inside-out outbursts for which the initiation
of instability in the inner disk leads to slow risetimes (these
include both self-regulated outbursts such as models B1 and
B2 and disks perturbed too weakly to trigger outside-in out-
bursts like model B3) and (2) outside-in outbursts for which the
initiation of instability near R, results in rapid risetimes.
(This is an oversimplification; in fact the outbursts display a
continuous range of behavior.) Some limits can be put on the
type of perturbation which may lead to a rapid-risetime
(outside-in) outburst. The mass of the perturbation may be
small; for an M;, =5 x 107% My yr~! disk, for example, a
5 x 1073 M, perturbation can trigger a rapid-risetime out-
burst;fora 1 x 107 M yr~! disk, 103 M, is sufficient (Bell
1993). The value of AX/X primarily influences the peak magni-
tude but also slightly affects the timescale of decline from out-
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burst (Fig. 5). The strongest constraint deduced from the
models tested is that in order to trigger a rapid-risetime out-
burst in a supercritical disk, the perturbation must occur at a
radius less than Ry, or < 1/4 AU.

Although there are two well-documented cases (FU Ori and
V1057 Cyg), rapid-risetime outbursts may not, in fact, be very
common. All of the other three Fuors with confirmed
outbursts—Elias 1-12, V346 Nor, and RNO 1B—have light
curves which are consistent with brightening over many years
timescale. Outburst event statistics are very uncertain, and cer-
tainly there is some selection in favor of identifying fast erup-
tions. Also, selection is in favor of rapid risetime outbursts in
that older, more exposed systems are expected to have disks
with lower or even subcritical mass fluxes for which rapid-
risetime outbursts are more common than in more deeply
embedded, younger objects. It may be that rapid-risetime out-
bursts are in fact rare.

With the current numerical realization, perturbations are
required to produce rapid-risetime outbursts. If the pertur-
bation arises from the close passage of a binary star, some
constraints can be put on its orbit. The companion must have a
very small periastron distance (* < 0.1 AU), and a sufficiently
large apoastron distance (perhaps 100s of AU) to avoid per-
turbing the disk more often than viscous evolution can reple-
nish it. Such a highly eccentric orbit may not represent a
bound system. The mass of the perturber must also be rather
low to avoid destroying the disk. For a parabolic fly-by, for
example, a perturber with mass greater than half the mass of
the disk (M, < 0.1 M) would impact with energy equal to the
binding energy of the disk and be likely to destroy it (Clarke &
Pringle 1991). There are not many highly eccentric, extreme
mass ratio binaries among solar-type field binaries
(Duquennoy & Mayor 1991). In the early phases of low-mass
stellar evolution binarity may have been more common than in
present-day main-sequence stars (Ghez, Neugebauer, & Mat-
thews 1993; Leinert et al. 1993), but it is by no means clear that
such systems are common enough to explain observed
FU Orionis statistics.

Because of the small masses required (as small as 10~ M,
in some test cases) the disk may not require perturbation from
a binary companion to trigger the rapid risetimes of FU Ori
and V1057 Cyg. For supercritical disks, the lower M;,, the
smaller the perturbation mass required to trigger an outside-in
outburst, but the closer to the central object such perturbation
must occur. For M;, below the critical value, however, the
inner disk temperature falls below the conditions required for
the ionization for hydrogen, so the required perturbation mass
again rises. The perturbation mass required is therefore smal-
lest for disks accreting at the critical rate of 5 x 1077 Mg yr ™.
For some disks, clumpiness or boundary-layer feedback in the
inner disk or the accretion of protoplanetary masses may be
sufficient to explain rapid-risetime outbursts.

5.2. Low-State Luminosities and SEDs

The thermal instability model predicts relatively low lumi-
nosities of protostars most of the time. Even when infall at a
few times x 107% M, yr~! lands on the disk, most of this mass
halts at R, in the low state. Thus, the total luminosities of
these objects are in the ~1 Ly range, consistent with surveys
of Class I sources in Taurus (Kenyon et al. 1993a; Beichman,
Boulanger, & Moshir 1992), but inconsistent with models in
which all of the infalling material immediately accretes down
to the stellar radius (Fletcher & Stahler 1994).
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As shown in § 4.5, a 3 um peak is a robust prediction for the
low state under the thermal instability model. Unfortunately,
detection of such a peak is made difficult by surrounding dusty
envelopes. If FU Ori outbursters are generally found in the
earliest phases of stellar evolution, as suggested by their extinc-
tions, and by the model necessity of having infalling material
still landing on their outer disks, then the infalling envelopes
will obscure the central object even at wavelengths <3 um,
and the peak will not be detectable. In other words, the pre-
outburst state could be a low-luminosity Class I source or
protostar. The SEDs of such objects in Taurus show that most
of the short-wavelength radiation from the central objects is
extincted by dusty envelopes (Kenyon et al. 1993a, c). Dis-
tinguishing radiation from the disk from radiation from the
infalling envelope might best be accomplished for objects
observed nearly pole-on, where a bipolar flow might clear out
the line of sight making the central object less obscured (cf.
Kenyon et al. 1993c).

It may be that the necessity of a large infalling mass flux
precludes observation of this spectral feature in most objects
except in the brief time between the dissipation of the envelope
and the draining of the disk below the critical mass flux. Never-
theless, surveys of the objects in Taurus do show a few low-
mass objects which have bumps at 3 um. These objects do not,
however, show the large far-infared emission that would be
predicted for an infalling envelope (Kenyon & Hartmann 1995)
indicating perhaps that such infall is very weak or has recently
ended. Again, observation of the 2.3 and 4.6 um CO features in
absorption would strengthen identification of an active disk in
any candidate quiescent Fuor.

5.3. Physical Mechanisms of Mass Transport

Throughout both this work and Bell & Lin (1994) the details
of the physical mechanism of mass transport have been
ignored using instead the o prescription as a way of param-
eterizing our ignorance. One of the most surprising conclu-
sions of this work is the particularly small magnitude of the
parameter o required to match outburst timescales. This mag-
nitude is sufficiently small as to create problems with time-
scales of evolution and with disk masses. Because t,;,, ~ r?/v
(e.g, BL 94), with the low-state « of 10™* and H/r ~ 0.1, it
would take ~5 x 10° yr to accrete matter from only 10 AU
and 2 x 108 yr from 100 AU. Furthermore, because the mass
of the disk is inversely related to o, M; ~ X ~ v~ %, a small a
would be expected to result in unacceptably large disk mass.
Nevertheless, numerical studies have shown that this low value
of a might be appropriate for a viscosity which taps into the
turbulence generated by the convective instability (Cabot et al.
1987; Ruden, Papaloizou, & Lin 1988). Recent studies have
shown that convection may be present over a large region of
the disk but such models are only self-consistent in the absence
of other strong sources of viscosity (Kley, Papaloizou, & Lin
1993; Rozyczka, Bodenheimer, & Bell 1994). Kley et al. (1993)
find self-consistent convection at 5 AU in a 1078 M yr™1
protostellar disk when the underlying « viscosity is « = 1073
but not when o = 1072,

Further, observational statistics from the Taurus cloud (Lin
et al. 1994) suggest a much larger time-averaged o of 0.1 over
most of the disk. With o = 10!, matter from 100 AU can be
accreted in the physically plausible time of 2 x 10° yr
(approximately the lifetime of the embedded phase) and from
1000 AU in 5 x 10° yr (approximately the age of the oldest,
optically thick disks). It may be that different mass transport
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mechanisms operate in different regions of the protostellar
disk, and that each mechanism may have very different effi-
ciencies. In any given regime, whichever process provides the
most efficient mass transport mechanism will provide the local
viscosity.

It may be that gravitational instability is the dominant
mechanism for mass transport in the outer disk (e.g., Lin &
Pringle 1987). In the absence of external radiation, a gravita-
tional instability maintains the local value of the Toomre Q
parameter (Qr = ¢,Q/nGX) approximately equal to one. If O
decreases below one, gravitational instability provides a local
heat source which raises the value of Q. If QO increases above
one, the local heat source is quenched, and the disk contracts
and cools until the value of Q; drops below one. In a disk for
which Q7 = 1, analyses in BL 94 suggest that either M or «
must be a strong function of radius. If « is held constant, then
M must decrease outwards as r~ 2. If mass is being added to
the outer disk at an approximately constant rate, this situation
is highly unstable. If instead mass flux is assumed to be con-
stant with radius and « is allowed to vary, it can be shown that
the effective a,,,, for transport of mass due to gravitational
instability increases outward such that

. —oi M(r) & —-3/2 H_/r -3 r 3/2
g 107 Mg yrt [\ Mg 0.1 30AU)

(10)

For any source of viscosity other than gravitational instability
to be the dominant mechanism of mass transfer, it must have
an efficiency o, greater than the above value of a,,,.

Ina 107> Mg yr ™! disk a, must be greater than 103 at 1.5
AU to dominate over gravitational instability and greater than
10™* at 0.3 AU. For a 1079 M, yr™! disk the corresponding
radii are 6.5 and 1.4 AU, respectively. This derivation suggests
that in the outer disk regions, gravitational instability may be
the most efficient form of angular momentum transport, while
in the inner disk where the gravitational instability is weak,
some other source of viscosity such as convective turbulence
may provide the dominant source of viscosity. In summary, we
suggest that the effective viscous efficiency itself may be a
strong function of radius in protostellar disks, so the large
surface densities implied by our small value of « do not neces-
sarily conflict with small observationally derived disk masses.

6. SUMMARY

In this contribution, a surface density perturbation has been
added to the BL 94 thermal outburst models with which are
explored a variety of possible outburst forms. We note the
following features:

1. Disks for which M,, > the mass flux critical for outburst,
M_,;, (“supercritical” disks), spontaneously undergo periodic,
self-regulated outbursts without the need for perturbation.
Application of a perturbation in such systems may change the
form of an already impending outburst.

2. Disks for which M,, < M., (“subcritical ” disks) require
perturbation to undergo outburst; additional perturbation
must be postulated to explain repeated outburst.

3. Self-regulated outbursts are generally initiated near the
inner edge of the disk and result in a predominantly “inside-
out ” progression of the ionization front.

4. Triggered outbursts may be initiated anywhere in the disk
(though are easiest to trigger for r < Ry;,,;) and result in an
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“outside-in " progression of the primary ionization front. In a
triggered outburst a secondary ionization front is also initiated
which propagates outward from the ignition radius.

5. Outbursts evolve through two phases: an initial “spike”
phase regulated by the propagation of the inward-moving ion-
ization front and therefore sensitive to the details of the pertur-
bation, followed by a longer “plateau ” phase regulated by the
propagation of the more general outward-moving front.

6. Decay timescales for all outbursts are governed by the
slow movement of the outward-propagating front and are
therefore long.

In addition we have “observed the models” and find the
following general agreement with observations:

1. Models can be developed to match a wide variety of light
curve shapes and magnitudes including reasonable fits to
observations of B light curves for FU Ori, V1515 Cyg, and
V1057 Cyg.

2. Both during outburst and during decay from peak light,
magnitude changes are greater at optical wavelengths than in
the infrared.

3. The lack of decline in luminosity in intermediate-
wavelength bands (~ 5 um) seen after peak light in V1057 Cyg
is a natural consequence of this model in which the inner mass
flux slowly decreases after peak light while the outer mass flux
remains constant.

4. Because of the slow outward progression of the ionization
front in both triggered and self-regulated outbursts, a decrease
in line width after peak light is a natural consequence of the
accretion-disk outburst model.

5. At wavelengths shorter than 1.5 um, decay from outburst
is expected to be preceded by an increase in line widths.

6. During outburst, spectral energy distributions (SEDs) are
dominated at short wavelengths by radiation from the inner,
high mass flux region. At longer wavelengths spectra are domi-
nated by cooler radiation from outer, steady lower mass flux
region.

7. In outbursting objects there will be a change of mass flux
in the disk at a radius which is a small fraction of an AU (< 3).
In an outbursting object this will appear as an SED which is
steeper than the best-fit constant mass flux SED in the 2-8 um
region.

8. If the transition radius occurs at 1/10 of an AU or less, the
peak wavelength of the resulting SED will be significantly
shifted to shorter wavelengths from the constant mass flux
model. This effect will be most important in the earliest stages
of outburst or in outbursts in low-mass flux disks and could
cause maximum surface temperatures and inner accretion rates
to be systematically overestimated.

9. Models further suggest that accretion rates derived from
observed maximum surface temperatures could be slightly
underestimated because of the effects of departure from vertical
thermal balance during outburst.

10. During quiescence the constant mass flux outer region
appears as a flat or rising spectrum source. The FU Orionis
outburst phase is expected to be primarily confined to the
embedded YSO phase at ages <10° yr.

One of the major limitations of this model is its failure to
consider the effects of surface irradiation (reprocessing) from
either central object or inner accretion disk. Although, as dis-
cussed above, impact may be small on SEDs and light curves,
this process may have dynamical consequences for the sustain-
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ing of outburst timescales and for the propagation of the
outward ionization front itself. Inclusion of this effect requires
accounting for the constantly changing shape of the disk’s
surface as well as an estimate of boundary layer radiation
during the quiescent phase.
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