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ABSTRACT

Evidence suggests that some masers associated with massive protostars may originate in the outer regions of
large disks, at radii of hundreds to thousands of AU from the central mass. This is particularly true for methanol
(CH,OH), for which linear distributions of masers are found with disklike kinematics. In three-dimensional
hydrodynamics simulations we have made to study the effects of gravitational instabilities in the outer parts of
disks around young low-mass stars, the nonlinear development of the instabilities leads to a complex of intersecting
spiral shocks, clumps, and arclets within the disk and to significant time-dependent, nonaxisymmetric distortions
of the disk surface. A rescaling of our disk simulations to the case of a massive protostar shows that conditions
in the disturbed outer disk seem conducive to the appearance of masers if it is viewed edge-on.

Subject headings: hydrodynamics — instabilities — masers — radio lines: ISM — stars: formation

1. INTRODUCTION water masers observed in the central gas disks of active galactic
) nuclei (AGNs; e.g., Miyoshi et al. 1995) are in molecular
Masers from HO, OH, CHOH (methanol), and other species regions bathed in X-rays, Maoz & McKee (1998) have argued
are commonly associated with massive protostars (Wilner & {hat they arise in thin postshock regions of spiral structure
Lay 2000). In many cases, it is clear from the kinematics or gnai0gous to those found in our simulations. When we scale
location that t_he masers are produceq_ln outflows and jets.q relatively small and low-mass disks up to dimensions
However, Norris et al. (1998; see also Minier, Booth, & Conway annropriate for disks in massive protostars, we find densities
2000) found that some protostellar methanol masers exhibitgjmijar 1o those thought to be associated with masers. We sug-
linear alignments of multiple spots spanning hundreds o gegt in this Letter that spiral structure due to gravitational in-

thousands of AU and have kinematics consistent with edge-ongiapilities may provide the physical basis for understanding why
Keplerian disks around young massive stars. The circumstellar,asers could occur in some edge-on disks of massive

disk interpretation does not work straightforwardly for all meth- protostars.
anol masers found near sites of high-mass star formation (Min-
ier, Conway, & Booth 2001), but cases with linear alignments
and clear-cut velocity gradients remain plausible. Masers in
massive protostars due to other species may also arise in disks. As reviewed briefly in Boss (1998) and Durisen (2001),
For example, Shepherd & Kurtz (1999) reportegDHnmasers numerical and analytic studies over several decades have shown
in G192.16-3.82 (IRAS 05553 1631) that appear to be lo- that gravitational instabilities set in for sufficiently small values
cated in a disk at large distances500 AU) from the central  of the Toomre parameted = c.x/rGE , wheeg is the gas
star (see also Lekht & Sorochenko 2001). Although less com-sound speedy is the epicyclic frequencysthe disk angular
mon, there are even reports of masers occurring in disks aroundotation speed?), andX is the disk surface density. Nonaxi-
young low-mass stars (e.g., Torrelles et al. 1998). symmetric instabilities manifest themselves through growth of
Numerical studies of gravitational instabilities in young stel- multiarmed spiral waves and occur whénx~ 1.5 —2. When
lar disks (Tomley, Cassen, & Steiman-Cameron 1991; Laughlin Q < 1, axisymmetric instabilities break the disk into rings. So,
& Bodenheimer 1994; Pickett et al. 1998, 2000a, 2000b; Nelsondisk instabilities due to self-gravity occur when the disk is
et al. 1998; Boss 2000, 2001) have demonstrated that an unsufficiently cool (lowc,) or massive (higlk). Although the
stable, self-gravitating disk evolving under nearly isothermal equation of state (EOS) of the disk has little effect on the
conditions fragments into a complicated time-dependent struc-dynamic rotation period) growth of the instabilities, recent
ture of dense spiral arms and arclets. When these simulationsimulations have shown that their nonlinear outcome is criti-
are done in three dimensions and include differential heating cally controlled by the thermal physics of the disk (Pickett et
of the vertical disk structure by shock dissipation (Pickett et al. 1998, 2000a; Nelson et al. 2000; Boss 2001). For conditions
al. 2000a, 2000b), there are concomitant spiral distortions of dominated by dissipative heating, peak amplitudes of the spiral
the disk surface. Similar behavior is also evident in the 2 waves are low, and the waves damp with time. For a sustained
dimensional calculations of Nelson, Benz, & Ruzmaikina but moderate energy loss due to radiative cooling, peak am-
(2000). While Neufeld & Maloney (1995) have suggested that plitudes are larger, the spiral patterns are sustained, and mass
transport inward occurs as a result of gravitational torques. For
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2. NUMERICAL SIMULATION



L158 LINEAR DISTRIBUTIONS OF METHANOL MASERS Vol. 563

0.2 0T | — [ — [ — | S T T T T T
_ - 1500 2
0.1 —
O - I } I | I I | I | II\I\I I I||: 1.‘)0-?-_
10 |- | E
8 :_ "_: 500
E -
6 > i 5
C S i =
[ N = >
4 — 7
C v 7 L
N ] a
g n_, [10° cm™3] T Timm o S —~500-
E vy
O 41| | | — | L1 1 | | | 1 |
0 0.2 0.4 0.6 0.8 1 ~1000}
r/Req
FiG. 1.—Properties of the initial disk. The top panel shows meridional con- 715":: o R R R G B R % A G [ E

tours of number densitp for 10, 1%, 1¢, and 10 particles cm?® from the 1500 —1000 —500 0 500 600 1500
inside out. The zero-density surface is almost identical to the outermdst (10 x (ALY

cm %) contour shown. The bottom panel shows the radial distributio®,of
the midplane temperaturg,, in units of 10 K, and the midplane number
densityn,,, in units of 10cm™>. We use a mean molecular weight of 2.36 3 legln (em™]
proton masses appropriate for a solar mix of neutral gas where the hydrogen
is molecular.

Fic. 2.—Midplane density structure of the disk after 5.1 ORPs (25,500 yr).
Number densityn,,, is represented here in a logarithmic gray scale.

axisymmetric (two-dimensional) star/disk equilibrium model
with an n = 3/2 polytropic EOS is created using a self- restrictions on disk velocities or inner disk structure described
consistent field (SCF) code (Hachisu 1986; Pickett, Durisen, in Boss (1998) and Pickett et al. (2000b) are imposed. The
& Link 1997). The equilibrium structure of the thick disk and energy equation used to evolve the internal energy deasity
the star are fully resolved. For the calculation in this Letter, includes heating due to artificial viscosity and a volumetric
we choose a ratio of star to disk mads/M, = 7.08 , a ratio cooling rateA. The gas is treated agja= 5/3 ideal gas, where
of disk to stellar radiu®,/R, = 20 , and a disk surface density the pressure® = (y — 1)e . For each and ¢, we assume
distributionZ(r) ~ r°°. For disks comparable in size to those A(z) ~ p". In the absence of shock heating, this preserves an
observed around young low-mass st&s~ tens  to hundredsisentropic vertical structure. The coefficient afis set each
of AU), it is currently impractical to include the staR(~ a time step so that, from = 492 AU to the outer edge of the
few R,) in a three-dimensional simulation. To remove the star, disk, the cooling time,, = ¢/A is 2 outer rotation periods
we load the SCF star/disk model into a two-dimensional hy- (ORPs) of the initial disk. One ORP is 5005 yr. Inside this
drodynamics code and slowly cool the star/disk boundary until radial range,A tapers to zero linearly at = 408 AU. The
the disk detaches from the star. We then fix the pointlike po- small value oft.., and its decreasing ratio to the local rotation
tential due to the star and use the disk with a central hole asperiod with increasing mimics the short cooling times ex-
the initial condition of the three-dimensional simulation. Be- pected at large disk radii (e.g., Laughlin & Bodenheimer 1994;
cause the disk is polytropic, we can scale it to any size or mass,Boss 2001). Artificial viscosity is turned on only for> 408
as long as dimensionless parameters remain fixed. Until now,AU. Disk orbital velocities range from 6.7 to 4.3 km'sbe-
we have focused on disks of solar system scales (typically tenstween 400 and 1000 AU.
of AU) around low-mass stars. Here we take one simulation
from such a study (B. Pickett et al. 2002, in preparation) and 2.3. Smulation Results
scale it to proportions appropriate for a massive protostar, S ) o
M, = 20 M, My = 2.8 M, andR, = 1000 AU. Figure 1 The |n|t.|al disk is margl_nally stable_ (mmmur@_z 1.8 ).
illustrates the meridional cross section and the radial run of Low-amplitude random noise in density is superimposed on
various physical parameters. the outer half of the disk to seed nonaxisymmetric instability
(see Pickett et al. 1998). In about 1 ORP, cooling makes the
outer disk dynamically unstabl® 1.5 ). Multiarmed modes
reach nonlinear amplitude in the outer disk by 3.5 ORPs and
Our second-order three-dimensional code (Pickett et al. develop into strong spiral arms about 1 ORP later. Figures 2
1998) solves the hydrodynamics equations in conservative formand 3 illustrate the disk structure at 5.1 ORPs. The surface
on a cylindrical grid of uniform spacing with, ¢, andz res- distortions and dense arclike features vary on a dynamic time-
olution of 512 x 128 x 32 with reflection symmetry about scale ¢ORP) and have associated radial motions of up to
z = 0. The initial equilibrium model extends to radial zone +0.15 km s*. The main result is that the outer disk develops
number 242 (1000 AU), and the extra radial cells accommodatecomplex spiral structure that persists for many thousands of
expansion of the disk due to the instabilities. The inner disk years. As shown in Figure 1, the initial midplane number den-
boundary is located at radial zone number 16 (50.3 AU). Out- sity n,, in the outer disk is typically-10° cm™3. By 5.1 ORPs,
flow boundary conditions are used at the upper edge, at theas shown in Figure 2,4 in the strong spiral structure ranges
outer radial boundary, and on an inner cylindrical hole (at radial from less than 10to more than 10cm? at radial distances
zone 13); but little mass actually leaves the grid. None of the between 400 to 1000 AU. The spiral surface distortions high

2.2. Three-dimensional Hydrodynamics
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duced at the same time by the onset of near-infrared irradiation
of disk material due to the spiral corrugation of the disk surface.
Speeds in the outer disk are only a few km.sAs a con-

sequence, velocity coherence is probably not a limitation at
larger for the sorts of masers we are discussing. The masers
would probably tend to be seen when the disk is nearly edge-
on simply because this would provide the highest surface den-
sities and the longest path lengths for amplification.

3.2. Limitations

Disks in massive protostars are poorly understood compared
to their low-mass counterparts. Aside from the maser evidence
itself, disks in these systems are judged to be large based on
finding elongated radio continuum or hot core emission oriented

Fic. 3.—Isodensity contour of the disk after 5.1 ORPs. The upper half of perpendicular to bipolar outflows or jets (e.g., Cesaroni et al.
the 10 cm™® three-dimensional contour is shown from a viewing perspective 1999). The physical environment is probably quite complex.
gfl f‘ﬁbgué 1‘;56 o fgg AdLiJSkTmisdgZnoeﬁgxﬁa{es,f;r;?ecrethgonxtrr\]:svig\i;/n?nnsﬁiionsz of These disks may be associated with hot cores, or, if the central
S0 some outer extensions of the spiral arms are truncated. Note the taﬁl' ri(’ig(esgtar is well developgd, with an uItracompac_mHeglon. The,re .
of material in the arms. may also be accretion shocks near the disk surface. Little is
known about density structure. Over very large scales, Cesaroni
: . et al. suggest a steepEBfr) than we use, but the numbers are
above the midplane have number densities of the order ofqt el determined. What is clear from their observations of
10" cm* or more at the same radil, as shown in Figure 3. This e gisk in IRAS 20126:4104, however, is that it is very large

nonaxisymmetric surface means that some lines of sight ”ea”y(thousands of AU in NKand many hundreds of AU in GBN)
parallel to the midplane can have long path lengths along densegntains at least several solar masses of material, is roughly
material exposed to radiation from the star and inner disk. Keplerian, and surrounds a massive sMr & ~ 20 M )

1 @ .

Theoretical modeling of disk formation for massive proto-

3. DISCUSSION stars has been limited. It is generally believed that massive
. ) stars form supercritically (e.g., Shu, Adams, & Lizano 1987).
3.1. Maser Conditions and Chemistry Thus, their infall may become super-Alfvie; if so, transport

Our rescaling indicates that densities in the disk of a high- EL e;r&gul;’:lersr;;dm?enégm otlétvr\;]atjrghbyr Qgtderf ?Z?ig?git\gr?t\ée;mg se
mass protostar are in the appropriate range for masering to PP ' 9 g P

; . disks than for low-mass stars. Disk sizes of thousands of AU
occur at distances from the central star at which masers are

N are certainly expected. For instance, the angular momentum
seen. For instance, Gray (2001) adopted a value ofx2.5 P :
107 cm 2 for the H, numbe)r/ d(ensity)/ in hisr,)work on OH masers ge4r frfg;o 2;1;[2?1 i%%ﬁ g];e?jut:;zogolé\gcgfggtfr']geuég 1e IS
in W3(OH). In that source, large GBH maser spots are co- : ! P 9

spatial with their OH counterparts (Menten et al. 1992). In their OI ?hmo(lsecl:ulil'r clotjci'clump W'Jh? rakdugs gf 3'5 EC 'that rc{t&tg%s
work on AGNs, Neufeld & Maloney (1995) found an, Hum- al the falactic rotation speed. rorke odenheimer )
ber density of ,the order of 1@&m 2 for AGN water masers computed a detailed axisymmetric model for the collapse of a

: . rotating 10M, core. Their resulting disk is also quite large
!Vgellirm?oafm'\ggrzzr%gi% ? ggtr\;\\//ggnglvaar:gel(g g;ﬁ,grgg of (~thousands of AU), is gravitationally unstable, and has a large
found in .the outer parts of our disk mass {severalM.). Because their disk forms by collapse of

S : . e
In some respects, our picture is similar to that of Maoz & anr-* uniformly rotating sphere, it exhibits a much steeper

McKee (1998). However, in our case, the spiral shocks are farr‘(r) In Its outer region.

too slow to create thermal conditions favorable for masing, as The.structure of our Qisk cannpt.be u_sed for detailed maser
they do in the Maoz & McKee scenario. Instead, we attribute modeling because the simulation is idealized in several respects.

the heating to the fact that, in the spiral structure, material is However, our calculation does demonstrate that gravitational
lifted above the disk proper, allowing it to be expos,ed to near- |ns§ab|l|t|es will lead to strong nonaxisymmetric surface d"?"
infrared radiation emitted b’y dust much closer to the star. At tortions and that the resulting phy5|cal_ condltlons_ are conduc_lve

X o ...~ to methanol and water maser production. The midplane cooling
visual extinctions on the order of 100 mag and less, conditions

are likely to resemble those of hot cores. In the standard picturetlme due to radiation by dust from a disk with the conditions

. . in Figure 1 is probably shorter than assumed in our simulation
of a hot core, the recent onset of heating releases ices from the . : : : :
grain mantles into the gas phase (e.g., Millar 1993; Viti & ?Plckett et al. 2002, in preparation), and so the midplane disk

Williams 1999). The presence of large amounts of gaseousWOUId probably evolve more nearly isothermally than treated

i N . . here (see Boss 2001). This would make the resulting nonaxi-
CH,OH in many hot cores is attributed to this release,_bgcau§esymmetric structure more severe. It is possible that gas giants,
formation by low-temperature gas-phase chemistry is ineffi-

X . . brown dwarfs, or even low-mass stars could be spawned from
cient. Furthermore, methanol is not produced in abundance bythe disk under these conditions
gas-phase chemistry in gas heated substantially by shocks ’
(Hartquist et al. 1995), and methanol injection into the gas
phase from grain mantles due to sputtering or grain-grain col-
lisions in shocks would require the shock speed to be at least By scaling a modern three-dimensional simulation of a
about 10 km &' (e.g., Caselli, Hartquist, & Havnes 1997). young stellar disk to the scale of disks expected around massive
Thus, in our scenario, both the chemical and the thermal con-protostars, we find that vigorous gravitational instabilities are

ditions favorable to the formation of GABH masers are pro-  likely to occur in the outer regions of these disks (hundreds to

4. CONCLUSIONS
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thousands of AU) and that these instabilities can create con-

ditions conducive to maser emission by species such as meth

LINEAR DISTRIBUTIONS OF METHANOL MASERS
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that spots should exhibit as alignments and illumination in the
disk change with time.

anol and water. In fact, as observed, masers associated with

such disks are more likely to be seen when the complex spiral

structure in the disk is viewed edge-on. Future simulations that
include more physics could, in principle, predict the disk in-
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