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Abstract. Hubble Space Telescopeimaging of 1111 30 hasrevealed this
0Lject to Lre a prototypeyoung stellar object (YSQ) accretion disk systeimn.
An optically thick circumst char absorpt ion disk, 450 AU in diameter, is
seen extending perpendicular t o highly colliat ed bipolar jets. The jet
width is resolved inthe t ransverse divect ion and increases with distance
from the central star. The size andage of t he disk compare well to the
carly solar nebula during planet format ion. HH 30 is the first YSO disk
ever observed at 14 AU resolution, and t he first viewed close enoughi to
cdge-on t hat t he vertjcal st ruct ure of t he disk is clearly visible. These
11S’1" images of 111130 ofler t he first -eve’r opportunit y to direct ly measure
t Le flaring profile of an ast rophysical accretion disk, Wehave ('0111] »ared
t he hmages to model nehulosities caleulat ed in bot h multiple and single
scal tering regimes, in t he lat t er case via chi-squared ininimization. This
analysis const rains the circinst ellar density dist ribut ion and grain scat-
tering propert its. A brief smmmary of t he results is present ed hiere; full
details and references appear in Burrows et al., Ap. 1. (1 996).

1. Introduction

111130 is a nebulous low-mass starint he Tanrus st ar forming cloud, locat ed necar
HIL Tawri. The system is composed of a young, stellar objectand its associated
cmission and reflection nelhulae. The cmission nebulae have the form of two
collimated jets locat ed on 0phosite sides of t he st ar and flowing nearly in the
plane Of thesky. The stellar component is quite faint. No reliable extinction
estimate exists, and thus the stellar luminosity is not well constrained. Var
infrared and millimeter wavelengt It excess emission have been measured for HH
30, but the inferred circumstellar mass is small (= 1003 Me,)). Existing data
only poorly constrain the in fraved spect ral energy dist ribut ion.

2. Observations & Results:

Observations in V, R, and I band {ilters were made 10 months apart in 1994
and 1995. At the distance of 1111 30, the WFPC2 cameras in wide-fieldmmode
provide a spatial resolution of 14 AU per pixel. These images (sce Fig. 1) reveal
the following facts about HH 30:



o The central star is not divectly seer - HH 30 is entively nebulosity at optical

wavelengths

« The 3111 30 nebulositiesare clearly resolved int 05 components:

1. A bhright, highly collitnat ed emission line jet extending NNE

2. A faint counter-jet extending SSW

3. A bright reflectionnebnla atthe base of the bright jet which extends
synnnetrically 450 AU across the jet axis

4. A faint reflection nebula atthe hase of the (ollllt(,r.je,

5. A dark absorption lane at t he center of t he system, separvat ing t he
two jets and reflect ionnebulae from each other

o The cent ral illuminat ing source is variable: at t he second epoch, the re-
flection nebulace had faded in bright ness by 40%.

« The bright blueshifted jet has a FWHNM less than 25 AU at the base of the
reflection nebula and an opening angle of 3 degrees within 700” AU of the
st ar. The ionized jet is muchnarrower « han ¢ he cleared region revealed
by t he reflectionnebula, indicat ing that t he collimat ion must. occur very
(’10s(” to the star.

« Knotsin t he jetand count er-jet have opposit ely direct ed proper mot ions
corresponding t o patt ernspeeds ranging frorn1 ()()-30() kins’?

« The typical jet knot spacing is 100 AU, which combined wit h the proper
motions suggests t hatnew knots cinerge from t he sourvee every few years.

3. Modeling the Reflection Nebulosity

Dustin t he circumstellar disk reflect s light fromn t he cent ral st ar and p roduces
t hie observed reflection nebulositics at t he disk’s upper and lower surfaces. Model
nel )11121(¢ canbecaleulated for aspecified density distribution. A = 0.8 yanis the
preferred wavelength to calculate nebula models; as the HST | band iimage is
predominantly reflect ion nebulosity with lit t le cont ribution from jet emnission.
We make the following assumptions:

Awisymmetric density distribution:

A paramecterized surface density Y(r)= Mg (/1) 7; a gaussian vertical
profile p(z) = po exp( -z?/H(r)?) valid for a vertically isothermal, hydrostatic,
non-self-gravitating disk; a parameterized scale height H(r)= Hg(r/19)”; and
disk mass My, inner and outer radii R; =0.5 AU and R, =-250 AU. For the
reference radius rg we choose 100 AU. These Tead to the density law
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Adopled oplical propertics for the dust grains:

Invariant grain opacity £ =- 120 cin? gain” ', appropriate to interstellar grains
at A = 0.8 youg invariant grain albedo o= 0.5; and a Henyey-Greenstein scatter-
ing phase function, characterized by the asynnnetry paramecter g = 0.29 for
interstellar graing at A = 0.8 pon.

Two computational strategies were taken to simulate the nebulosity pro-
duced when the above density distribution is illuminated by the central star:

1. Monte Carlo simulations of mulliple scattering: In this approach, indi-
vidual photons are launchied and propagated through the density distri-
bution. Scattering angles and optical depths are selected randomly over
the appropriate distribution functions. Useful runs take a few hours on a
single-processor DISC Alpha workstation.

2. Single scattering model: 1t his approach, t he nebula Dright ness cont ribu-
t ion is calculated for cach volume element in t he density dist ribut ion and
t11( 11 projectedont () thesky. The local hright ness cont ribut ion is weighted
according its opacity, t he inverse square law, t he grain phiase function, and
t he extinction toward the st ar and toward t hie observer. Computationally
this is much faster; about 2 minut es are required P inodel run, allowing

A2 minimization to he iimplemented to determine the best -fit model.

Comparison of the multiple scattering and single scattering results shows
that the Iatter is an adequate desceription of the problem. Model parameters to
determine via comparison to the WEPC2 ninages are the disk inclination 7; the
disk mass My; the scale height radial power law index f7; Hy, the scale height
normalization at reference radius v = 100 AU; and p, the surface density radial
power law index.

4. Conclusions from the modeling work:

o Anobserving lat it ude /= 6-8 dogreesisneed ed t o mat ch t hie hright ness
ratio of the reflection nebulosities. T'his is somewhat larger t hant he incli-
nat ion inferred from t he jetradial velocit ies and proper mot ions,

« Forwardscateering dustgrainsare uccaca o 1°0)ro@iiee t he central bright-
cning of the reflection nehulosities. For a H-G phase function t he hest-fit
asynunetry paratet er ¢ = 0.64, which is consist ent w it h more recent de-
terminations of” the ISM value at A= 0.8 jan,

« The disk mass is small. Models wit himasses greater t han > 1()- 3 Mg,
produce an absorption lane t hat is t ()() wide for ncarly all choices of t he
other 1110(1 (1 parameters.  The hest fit mass is 4x10° " M., of dust+4gas.
This is a lower limit, but it is consistent wit h t he disk mass inferred from
the willileter contimmmn emission.

« The disk surface densit y profile is const rained by t Lie extinetion we adopt
t oward t he ¢ entral star; Ax- g gy, must exceed 24 mag inorder t o account
for t he faint K magnit ude of t he st av. Flat sinface density profiles do not
produce enough ext inct ion, and t he st ar hecontes direcet ly visible in such
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nmodels. Steeper surface donsity profiles place more material closer to the
star, providing more extinction along t he line of sight t lirough t he disk for
a fixed disk mass. Our hest -fit solution has p=0.8

« The scale hicight radial power law index is not uniquely determined. There
is a geometricaldegencracy petweenthe t wo paramet ersin t he scale height
law H(r)== Hg(r/ro)”: Tavger 8 Cilll be cotmteracted by a smaller Hg over
the 0bservedrange of radii. There is siult anicously an “extinction” degen-
cracy between /5 and p: to maintain the same colutm density (extinetion)
toward t he star, p must increase as 7 incrcases and vice-versa. Thiese in-
teracting parameters produce a family of solut ions wit I comparable
values. Acceptable fits give 1.2 <4 <1.5, while 16.5 AU >110215 AlU.

5 Relating the HH 30 image fitting results to aceretion disk theory

« The fitted scale height determines t he local dynamical t empert ure in the
case of hydrostatic equilibrinm. The fit t ing results for Hg imply
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Ty = 50 M(M., ) (31,AU)/15.5)?
for M= 0.67 M., and 110 =15.5, Ty=-34IK at rg= ]O)() AU

« The fit t ing results for the flaring exponent 3 const rain the temperat ure
power law index ¢ to lie wit hin t he range 0.6 > ¢ > 0.0. Theory predicts
g=-0.75 (A :01.125) in t he case of a steady-state aceret ion disk or for
a geonnetrically thin passive reprocessing disk.  Such 1110( 1(°Ls producea
nchulathat is t oo flat, and are not consistent with t he images of I 30.

. Additional theoretical insights lead to t hie choice of a preferred value for
the scale height power law index 3. The low disk mass determines that
the disk is optically t hin t o its own t hermal emission. Such a disk, if
hydrostatically supported and in radiative thermal equilibrium with the
central star, is consistentwith t he imnage fit t ing results only when /3= 1.45.
In this case, the disk temperature declines slowly with radius hecause the
systemabsorbs visible st arlight inuchimore efficiently t han it canre-radiat e
t he energy away in t he infraved.

. Accretion should consume the 1111 30 disk within10%-107 years. This esti-
mate is simply the sinall disk mass (< 100 WM, ) (iiNi(lc,(I by the expected
mass aceretionrate (> 10”7 ° hi,., vi''). Thus we view t his system near
t e end of its evolution. The remaining disk mass is perhaps a factor of
10 smaller than the mininnun-mass solar nebula.
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