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ABSTRACT

FU Orionis stars are a small group of pre—main-sequence stars known for large-amplitude optical variability.
These objects also exhibit multiwavelength phenomena suggestive of active accretion from a circumstellar disk.
We present high spatial resolution mid-IR imaging and spectroscopy, submillimeter photometry, and 3—4 pm
photometry of four FU Ori—class objects, RNO 1B and C, Z CMa, and Par 21, and one object classified as a pre—
FU Ori star, V380 Ori. We resolve multiple IR sources and extended emission in the RNO 1B/C system, and we
discuss in detail their association with disk activity and the source of the Infrared Astronomical Satellite far-IR
and radio maser emission in this field. We derive dust temperatures and masses for all sources and discuss how
dust composition and morphology is related to the evolutionary stage of these objects.

Key words: infrared: stars — planetary systems: protoplanetary disks — stars: pre—main-sequence

1. INTRODUCTION

The FU Orionis stars were first recognized as a distinct class
of objects by Herbig (1966, 1977). The defining member of
the class, FU Ori, was discovered by Wachmann (1939) when
it exhibited a large optical outburst of as much as 5 mag. Later
studies by Herbig (1966) found that FU Ori was located in a
star-forming region and exhibited a spectrum similar to that of
T Tauri stars. Higher spectral resolution observations revealed
doubled absorption lines and line widths that declined toward
longer wavelengths (Hartmann & Kenyon 1996). These phe-
nomena have been interpreted as the signature of a kinemat-
ically rotating accretion disk around a pre—main-sequence
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(PMS) star. An FU Ori outburst occurs when material in the
dusty circumstellar disk is rapidly accreted onto the young star.
During these outbursts, lasting up to tens of years, the accre-
tion disk luminosity may exceed that of the central star by as
much as a factor of 100 (Hartmann & Kenyon 1996). These
episodic accretion events are assumed to occupy a brief phase
of the disk+star evolution, after which the system evolves to-
ward a more quiescent state (Weintraub et al. 1991). Approx-
imately 19 FU Ori objects have now been identified (Sandell &
Weintraub 2001). The phenomena associated with this class in-
clude F or G spectral types, optical outbursts, molecular out-
flows, broad CO absorption at 2.3 um from a circumstellar disk,
and prominent IR excesses.

The IR excesses of FU Ori objects have provided evidence
for the presence of circumstellar accretion disks. Lada (1987)
and Greene et al. (1994) defined a 2—20 um PMS spectral en-
ergy distribution (SED) index, o = d log (AF;)/d log 1, which
is linked to the spectral shape of the IR excess and the evolu-
tionary stage and morphology of the circumstellar environment.
In their scheme the youngest and most embedded objects are
Class I sources, characterized by massive envelopes of gas and
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TABLE 1
OSCIR OsservinG Lo

N 18 pum
Integration Integration
OBIECT UT Date Telescope (s) UT Date Telescope (s)

RNO T...ccoevineene 1999 Nov 11 IRTF 192 1999 Nov 11 IRTF 112

RNO 1B/C. 1999 Nov 11 IRTF 192 1999 Nov 11 IRTF 192

RNO IB/C........... 1999 Nov 12 IRTF 368

V380 Ori.....co....... 1998 Nov 29 CTIO 125 1998 Nov 29 CTIO 125

Z CMa.....ccovenueuene 1998 Nov 29 CTIO 62 1998 Nov 29 CTIO 62

Z CMa.....ccovevrunee 1999 Nov 8 IRTF 192

Par 21 ..o 1998 Jul 7 CTIO 262 1998 Jul 7 CTIO 131

Par 21 oo 1999 Nov 12 IRTF 192 1999 Nov 12 IRTF 192
dust, SEDs that peak in the far-IR or submillimeter and spectral extended emission in the RNO 1B/C system. We discuss the
indices of & > 0.3. ““Flat-spectrum” sources are Class I objects properties of these sources, association with disk activity, and
that exhibit flat SEDs between 2 and 20 pm and indices between identify the origin of the Infrared Astronomical Satellite (IRAS)
0.3 and —0.3. Class II objects are more evolved, usually opti- far-IR and water maser emission with a heavily embedded
cally visible, exhibit SEDs that peak in the near-IR, with source in the RNO 1B/C field. These results lend strong support
—0.3 > a > —1.6, and lack massive circumstellar envelopes. to the presence of disks in FU Ori systems.
These sources exhibit IR excesses that can be modeled by cir-
cumstellar accretion disks. Class III objects are considered to be 2. OBSERVATIONS

the most evolved sources. These objects lack massive enve-
lopes and circumstellar disks and show minimal IR excesses,
with o < —1.6. Most FU Ori objects show large IR excesses,
which have been successfully modeled as Class II accretion
disks (Hartmann & Kenyon 1996). However, many objects also
show evidence for large circumstellar envelopes on the basis
of millimeter and far-IR observations. Some authors are now
suggesting that FU Ori objects may represent an evolutionary
stage closer to Class I sources than to the more evolved Class 11
sources (Sandell & Weintraub 2001; Kenyon & Hartmann

The observations reported here were obtained with five
different instruments: the University of Florida Observatory
Spectrometer Camera for the Infrared (OSCIR), the NSFCam
near-IR camera, the NASA Ames High-Efficiency Faint Object
Grating Spectrometer (HIFOGS), the Aerospace Corporation’s
Broadband Array Spectrograph System (BASS), and the 10 m
Heinrich Hertz Telescope of the Submillimeter Telescope Ob-
servatory (SMTO). Observation details are discussed below,
and observing logs are shown in Tables 1, 2, and 3.

1991). . .
In this paper we present near-IR (3—5 pm) and mid-IR (7— 2.1. Mid-IR Imaging
20 pm) imaging and spectroscopy of four members of the All objects were observed at 10.8 um (AL FWHM ~
FU Ori class, RNO 1B and RNO 1C, Z CMa, and Par 21, as 5.2 ym) and 18.2 ym (AL FWHM =~ 1.7 um) using OSCIR,
well as one object, V380 Ori, that has been described as a pre- the University of Florida’s 128 x 128 Si:As BIB array camera
FU Ori object (Welin 1987). We show SEDs and mid-IR color at the NASA Infrared Telescope Facility (IRTF) 3 m telescope
temperatures for all sources. We resolve multiple sources and and the NOAO Cerro Tololo Inter-American Observatory (CTIO)
TABLE 2
HIFOGS OBserVING Loc
Integration Aperture® Phot.
UT Date (minutes) (arcsec) Air-Mass Range Flux Standard Air-Mass Standard Scaling Factor (%)
M @ ©) Q) Q) (©) M ®)
V380 Ori
1992 Feb 24........... 25 10.5 1.28-1.30 a Tau 1.12 1.17 3
1992 Feb 25 30 10.5 1.30-1.31 o Tau 1.12 1.10 7
1992 Oct 17 50 10.5 1.30-1.42 o Tau 1.05 1.00 10
1992 Oct 26 20 10.5 1.30-1.33 o Tau 1.29 1.02 10°
Z CMa
1994 Oct 21 ........... 12 7.0 1.39-1.40 « Tau 1.23 e 104

? Aperture diameter was 1.5 mm in 1992 and was reduced to 1.0 mm in 1994 by means of improved focal plane guiding techniques.

® Photometric reproducibility of standard stars: the fractional deviation of the ratio of a star to itself from unity.

¢ Very stable sky all night. Excellent photometry (4%) at beginning of the night was degraded to 10% because of problems with the stability of chopping the
secondary waveform.

4 Aperture alignment poor (30% loss of flux for both target and standard stars).
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TABLE 3
BASS OsservinG Loc
Integ.
UT Date Object Air Mass (s)

2002 Jul 27 .....ccoouneeee Par 21 1.35 400
Par 21 1.45 400

o Lyr 1.36 200

o Lyr 1.92 200

2002 Jul 28......cccou.e. RNO 1B 1.38 500
Par 21 1.04 700

o Lyr 1.07 200

o Lyr 1.38 100

2002 Jul 31 ...ceeennnneee RNO 1B 1.41 800
Par 21 1.24 800

Par 21 1.14 800

o Lyr 1.21 300

a Lyr 1.06 300

o Lyr 1.11 300

a Lyr 1.72 300

2002 Aug 1................ RNO 1B 1.39 300
a Lyr 1.19 200

o Lyr 1.22 200

o Lyr 1.40 200

4 m telescope. The detector has a plate scale of 07223 pixel ! and
a field of view of 28”5 x 28”5 at the IRTF and a 07183 pixel ™!
plate scale and a 23”4 x 23”4 field of view at CTIO. Zero-mag-
nitude fluxes and central wavelengths for the OSCIR IR pho-
tometric passbands are available in Polomski et al. (2002). The
chopping secondary throw was 30” north-south for observa-
tions at the IRTF and 23" north-south at CTIO. Frame times were
20 ms at the IRTF and ranged between 10 and 12 ms at the CTIO.
The chop frequency was ~5 Hz for the IRTF and ~4 Hz at
CTIO. An observing log is shown in Table 1.

Flux calibration for the IRTF data was performed using the
stars « Ari, v Aql, @ Mon, & CMa, and A Vel. All standards
were observed within 0.15 air masses of the science objects.
Atmospheric extinction corrections were applied to all obser-
vations of the RNO 1 region. Fluxes of the calibration stars are
listed in Table 4. Repeated observations of standards in the 10
and 18 pm filters suggest calibration uncertainties of 10% and
15%, respectively.

2.2. Near-IR Imaging

The RNO 1B/C region was also observed, on 2001 July 30 and
31, with broadband filters at 3.8 um (AZ FWHM = 0.076 pm)
and 4.8 pym (AL FWHM =~ 0.23 pym) at the IRTF using the
NSFCAM 256 x 256 InSb array camera (Shure et al. 1994). The
4 pum imaging was taken in tip-tilt mode to obtain a better quality
point-spread function (PSF). We used the 07148 pixel scale for a
field of view 0f 3779 x 3779. Frame times were 1 s with 10 co-adds

TABLE 4
CALIBRATION-STAR FLUXES

Frux Density (Jy)

NAME N 18 pum
75 25
72 24
131 41
9 o
A Vel 196 58
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and 16 cycles, for a total on-source time of 160 s at 3.8 um and
0.0774 s, 50 co-adds, and 16 cycles, for a total on-source time
of 62 s at 4.8 um. The same time was spent alternating on a sky
field 2 south. All data were dark-subtracted and flat-fielded. Bad
pixels were removed with a o filter. Flux calibration was per-
formed using observations of the IR standard HD 225023. We
assumed an A0 spectral template (Cohen et al. 1992) normalized
to the 3.8 pum flux of HD 225023 to obtain the monochromatic
3.8 and 4.8 um standard fluxes of 0.39 and 0.26 Jy, respectively.
We estimate flux uncertainties of 6% and 8% for the 3 and 4 m
observations, respectively. These uncertainties are based on re-
peated measurements of the standard star and photometric devi-
ations in the flat fields.

2.3. Infrared Spectroscopy

V380 Ori and Z CMa were observed from 7.5 to 13.5 um
using HIFOGS (Witteborn et al. 1995) on the Mount Lemmon
NASA 1.52 m telescope. V380 Ori was observed on two nights
at two different epochs, on 1992 February 24 and 25 UT and
1992 October 17 and 26 UT. For the two V380 Ori observing
epochs, two independent grating settings with a n + % detector
shift were acquired for Nyquist sampling of the flux spectra and
to cover gaps in the wavelength coverage caused by bad de-
tectors. Z CMa was observed only on one night, 1994 October
21 UT. The HIFOGS resolution per detector is approximately
constant across the 120-element array at 0.045 um per detector,
yielding a resolving power of R ~ 170—300 from A4 = 7.5—
13.5 pm. North-south chopper throws 0f48”, 44", and 40" were
used on the observing runs in 1992 February, 1992 October,
and 1994 October, respectively. On 1994 October 21 UT, the
HIFOGS aperture was not well centered, and approximately
30% loss of flux occurred for both Z CMa and the standard star
« Tau, reducing the signal-to-noise ratio (S /N) from the nom-
inal HIFOGS performance. Because of intermittent weather, a
second spectrum of Z CMa was not obtained after the problem
was corrected.

Flux calibrations were performed by dividing the flux density
of the target star by that of & Tau and then multiplying by the
flux spectrum of o Tau. The flux spectrum of a Tau was con-
structed from ground-based and airborne spectrophotometric
measurements of « Tau relative to the primary standard star
a Lyr (Cohen et al. 1996). Atmospheric corrections were ap-
plied by (1) computing the atmospheric transmission spectrum
using ATRAN (Lord 1993) at the air masses of the target and
standard stars, respectively, for an integrated column depth of
water of 5.7 mm; (2) degrading the atmospheric transmission to
the instrument resolution; (3) computing the ratio of the telluric
transmission for target versus object; and (4) dividing the tar-
get’s flux spectrum by the transmission ratio. The technique was
verified by correcting the ratios of standard stars taken at dif-
ferent air masses, resulting in stellar ratios of 5% through the
water band (7.5-7.8 um) and £3% in the ozone band (9.4—
9.8 pum). The water vapor column was verified by these com-
putations and by the depth of the water band. The ratios of the
standard stars to themselves were also used to determine the
photometric accuracy of the night, taken as the fractional de-
viation of their flux ratios from unity.

To improve the S/N, each night’s spectra of V380 Ori was
degraded in spectral resolution by computing a statistically
weighted average of the flux density in adjacent detectors. Then
the independent degraded flux spectra were interlaced after ad-
justing the flux level using a scaling factor ( Table 2). The spec-
tra were all adjusted to the epoch of longest integration time on
1992 October 17 UT.
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TABLE 5
SampLE FU Orr Stars

Distance
Name R.A. (J2000) Decl. (J2000) Spectral Type (pe) A, IRAS F3 ;m (Jy)
00 36 51.82 63 29 30.4° F5 11° 850° 3.6°
00 36 46.31 63 28 54.1¢ F8 I1° 850 9.2° 1.79:
00 36 46.89 63 28 58.6¢ . 850 12° 1.79:
05 36 25.43 —06 42 57.7° B8/ALT 460° 1.52 8.62
07 03 43.15 —11 33 06.2¢ B5/8+F5 I" 930 24° 126.6
19 29 00.81 09 38 46.7¢ A5-F5 JTab** 4008 4.0 0.76

Norte.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

? Average of GSC 2.2 and USNO-A1.0 coordinates.
® Staude & Neckel (1991).

¢ Yang et al. (1991).

4 Sandell & Weintraub (2001).

¢ van den Ancker et al. (1998).

T Leinert et al. (1997).

¢ Finkenzeller & Mundt (1984).

P Kenyon & Hartmann (1991).

! Ibragimov & Shevchenko (1990).
I Neckel & Staude (1984).

k Staude & Neckel (1992).

Spectra of RNO 1B and Par 21 were obtained with BASS at
the NASA IRTF on 2002 July 27, 28, 31, and August 1. BASS
consists of a pair of cooled prisms that disperse the spectrum
onto two 58-element blocked impurity band linear arrays that si-
multaneously span the 3—13.5 um region. The spectral resolu-
tion ranges from about 30 to 125 over each of the 3—6 and 6.5—
13.5 pum regions. A 3”8 aperture was used along with a 7.1 Hz
chop rate and 25" nod throw. Calibration was performed using
the star o Lyr for which a 9700 K blackbody and 10 um flux of
1.26 x107'* W em™2 um~! were assumed (Lynch et al. 2001).
Atmospheric extinction corrections were applied to all observa-
tions. All BASS spectral data points, such as those in the atmo-
spheric CO, and H,O bands (2.9 and 5.5-7.0 pm), with errors
exceeding the observed flux (i.e., S/ N less than unity) have been
rejected. An observing log is shown in Table 3.

2.4. Submillimeter Photometry

We observed Par 21 with the 870 pm 19-channel bolometer
array on 2003 April 21 at the SMTO. The array consists of 19
hexagonal 22”4 wide detectors separated by ~50”, with a noise
equivalent flux density of ~0.6 Jy s~"2. Continuum on/off
measurements were made with a nod throw of £60” in azimuth
and a4 Hz chop. Eight separate continuum scans were obtained,
each composed of 40 subscans having on- and off-source scans
of 10 s each, for a total on-source integration time of 1600 s.
Submillimeter opacity was determined from sky dips at 870 pm.
The observations of Par 21 were reduced with the New Imaging
Concept (NIC) software package (SMTO Users Manual ), cor-
rected for atmospheric opacity, and co-added. Calibration was
performed using observations of 3C 279, 3C 273, and the planet
Mars.

3. SOURCES

The astrophysical parameters for all six sources are listed in
Table 5. We summarize the properties of each source below.

3.1. RNO 1 Region

The RNO 1 complex (=IRAS 00338+6312) contains at least
three PMS stars: RNO 1, 1B, and 1C. This region is located

within the dark cloud L1287 at a distance of ~850 pc (Yang
etal. 1991). RNO 1 is offset from RNO 1B and 1C by 50" in the
nebula GN 00.34.0. Both RNO 1B and RNO 1C have been
classified as FU Ori stars; a large 3 mag outburst was observed
at the location of RNO 1B, and both sources display the char-
acteristic CO absorption bands (Kenyon et al. 1993; Staude &
Neckel 1991). RNO 1 may be a Herbig star (Staude & Neckel
1991). Two other protostellar sources, visible in the near-IR,
RNO 1F and RNO 1D (Weintraub & Kastner 1993) are located
within arcseconds of RNO 1B and 1C. Weintraub et al. (1996)
found several near-IR polarization peaks; DLIRIM 1, DLIRIM 2,
and DLIRIM 3, which indicate the positions of deeply embedded
sources near RNO 1B and 1C. Sandell & Weintraub (2001) find
strong submillimeter emission from multiple sources in this re-
gion. IRAS found strong mid-IR emission in this region but
was unable to resolve the individual sources. The centroid of the
IRAS emission is not coincident with either RNO 1B or RNO 1C,
and it is uncertain which object dominates the mid-IR and far-IR
fluxes.

The region is also associated with a bipolar molecular out-
flow, a radio continuum source with a jet, several water masers,
and methanol maser emission (Fiebig et al. 1996; Wouterloot
et al. 1993; Szymczak et al. 2000; Yang et al. 1991; Anglada
et al. 1994). Analysis of the velocity structure of the water ma-
ser emission suggests an origin in a circumstellar disk (Fiebig
et al. 1996). Finally, Graham & Chen (1991) detected a 3.1 um
ice absorption feature around RNO 1B; such a feature could be
formed within a dense circumstellar disk.

3.2. V380 Ori

V380 Ori (=IRAS 05339—-0644) is located within the dif-
fuse nebula NGC 1999 at a distance of 460 pc and was initially
identified as a T Tauri star by Herbig (1946). This source has
been described as a pre—FU Ori star on the basis of its sim-
ilarity to known FU Ori systems (Welin 1987). V380 Ori is
associated with multiple Herbig-Haro objects, as well as a bipo-
lar outflow, and is a 0”14 binary with a late-type companion.
The primary dominates the SED at IR wavelengths (Millan-
Gabet et al. 2001; Corcoran & Ray 1995; Leinert et al. 1997).
Both polarimetry and photometric observations show irregular
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Fic. 1.—OSCIR mid-IR imaging of the RNO 1B/C region. All data has been Gaussian smoothed by 3 pixels for clarity, and the lowest contour shown is at the 3 o

level. Left: 10.8 um imaging. Contour levels are 9, 18, 30, 90, 300, and 600 mJy arcsec ™

2. Right: 18.2 im imaging. Contour levels are 31.2, 52, 104, and 312 mJy

arcsec 2. The IRAS source is marked with a cross and the JRAS positional uncertainty ellipse is shown.

variability; however, no large (>1 mag) eruptions have been
observed (Davies et al. 1990; Vrba et al. 1979; Carpenter et al.
2001). Mid-IR spectroscopy suggests a small 10 ym emission
feature (Cohen & Witteborn 1985; Cohen 1973), and interfer-
ometric observations in the near-IR show a small halo ~1 AU in
size (Millan-Gabet et al. 2001).

3.3.Z CMa

Z CMa (=IRAS 07013—1128) is a luminous, close (071) bi-
nary system located in a cometary nebula at a distance of 930 pc
(Ibragimov & Shevchenko 1990; Leinert & Haas 1987; Koresko
etal. 1991). The optically brighter source is an FU Ori star, and the
IR companion may be a Herbig star (Covino et al. 1984; Koresko
etal. 1991; Whitney etal. 1993; Hartmann et al. 1989). No optical
outbursts have ever been detected from the Z CMa system. This
unusual system has been detected at wavelengths ranging from
the radio to the X-ray (Skinner et al. 1993; Zinnecker & Preibisch
1994). Z CMa is also associated with 15 Herbig-Haro objects
(Poetzel et al. 1989), a bipolar CO outflow (Evans et al. 1994),
extended millimeter emission (Henning et al. 1998), and a ther-
mal jet originating from the FU Ori component (Velazquez &
Rodriguez 2001). The object shows a 10 pym absorption feature
(Cohen & Witteborn 1985; Olnon et al. 1986) and weak 2.3 ym
CO absorption (Hartmann et al. 1989).

3.4. Par 21

Par 21 (=IRAS 19266+0932) is located within a highly
polarized cometary nebula at a distance of ~400 pc (Draper
et al. 1985). Polarization maps show morphology suggestive
of a circumstellar disk (Draper et al. 1985; Bastien & Ménard
1990). Par 21 was identified as an FU Ori source on the basis
of observations of P Cygni profiles indicating mass loss and
doubled absorption lines indicating disk rotation (Staude &
Neckel 1992). No outburst has been recorded for this object, and
no observations of the 2.3 ym CO feature have yet been con-
ducted. The source is associated with a bipolar Herbig-Haro
outflow, as well as several near-IR companions (Staude &
Neckel 1992; Li et al. 1994). Mid-IR photometry shows a flat

energy distribution characteristic of Class I PMS objects (Cohen
1974).

4. RESULTS AND ANALYSIS

Figures 1-9 show IR imaging and spectroscopy of the pro-
gram stars. We discuss the observational results for each source
below.

4.1. Infrared Imaging

V380 Ori, Z CMa, and Par 21 show no extended emission or
companions in our mid-IR images. These objects were com-
pared with nearby point sources selected from the Positions and
Proper Motions (PPM) catalog and found to be unresolved at
both 10 and 18 um.

The RNO 1B/C region was resolved into multiple sources
and extended emission in the near and mid-IR (Figs. 1 and 2).
We detect RNO 1B, 1C, and 1F at near and mid-IR wavelengths.
RNO 1 was detected at both 10 and 18 pm but was not observed
at the shorter wavelengths. DLIRIM 1, the near-IR polarization
source, is a strong 3, 4, and 18 um source but was not detected at
10 pum. This object also coincides with a strong 3.6 cm contin-
uum source and a radio jet (Anglada et al. 1994). We also detect a
new 3.8 um source 2”5 northwest of RNO 1C (RNO 1C-NW)
and a3 and 4 um source 5” northwest of RNO 1B (RNO 1B-NW).
At 18 pum we identify an additional source that corresponds
with the near-IR polarimetric source DLIRIM 3 (Weintraub et al.
1996). We do not detect the Weintraub et al. sources RNO 1D or
DLIRIM 4 at any wavelength. In total, six sources are detected
with near and mid-IR imaging, suggesting that this region is a
young embedded cluster.

The pair of FU Ori stars, RNO 1B, and RNO 1C show very
different profiles at 10 and 18 ym. RNO 1B is an unresolved
point source in the near- and mid-IR. RNO 1C is unresolved at
3,4, and 10 um but shows elongated emission at 18 pum (Fig. 3)
with a maximum extent of4” (at the 3 o level) and P.A. ~ —44°,
A large-scale bipolar outflow at P.A. & 45° is oriented nearly
perpendicular to this structure (Evans et al. 1994). We estimated
the source size by measuring the FWHM of RNO 1C (176) and
quadrature-subtracting the observed FWHM of the point source
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Fic. 2—NSFCAM imaging of the RNO 1B/C region. All data has been Gaussian smoothed by 3 pixels for clarity, and the lowest contour shown is at the 3 o
level. Left: 3.8 pm imaging. Contour levels are 3.21, 5.35, 10.7, 16.05, 26.75, 53.5, 107, 214, and 267.5 mJy arcsec 2. Right: 4.8 pm of the same region. Contour

levels are 8.8, 14.7, 29.4, 73.5, 147, and 294 mJy arcsec 2.

PPM 25578 (173). The angular size of the emission, » =~ 360 AU
(assuming d = 850 pc), is similar to that of silhouette disks in
Orion (McCaughrean & O’Dell 1996).

One of the key questions concerning this region is the source
of the molecular outflow and the identity of the associated
IRAS source. The IRAS Point Source Catalog (1988) (PSC) lists
amid-IR source, IRAS 00338+6312, located ~40” southeast of
RNO 1 in the vicinity of RNO 1C. Several authors have sug-

| RNO 1C Profile f
1.00 18 mm ]
- PA= —44° 1

©
00

0.6}

0.4}

Normalized Intensity

0.2}

0.0¢

4 -2 0 2 4
Offset (Arcs)

Fic. 3.—Radial profile cut at position angle —44° across RNO 1C 18 um
image (solid line) with the same profile for the point source PPM 25578
superposed.

gested that this source powers the strong bipolar molecular out-
flow seen in this region (Yang et al. 1991; Snell et al. 1990).
However, the position of the IRAS source is almost 6” offset from
RNO 1C. Weintraub et al. suggest that it may instead be associated
with another more deeply embedded source. Our IR images
reveal several additional sources in this region that coincide with
the locations of polarimetric peaks in Weintraub & Kastner’s
(1993) maps. In addition, near-IR imaging by Weintraub et al.
(1996) shows that these peaks are associated with faint 3 pm
sources.

We suggest that DLIRIM 1 is the origin of /RAS far-IR emis-
sion and the bipolar outflow. This object is located within 176
of'the centroid of the /RAS position ellipse (Fig. 15). DLIRIM 1
is also a strong candidate for a circumstellar disk. Multiwave-
length phenomena associated with disks are detected near this
source. Water masers showing Keplerian velocity signatures are
found within 1” (Fiebig et al. 1996), a radio continuum source
with a jet is located with 2” (Anglada et al. 1994), submillime-
ter observations show a massive dusty source in this region
(Sandell & Weintraub 2001), and the IR source itself shows
strong polarization (Weintraub et al. 1996) and a silicate ab-
sorption feature (this paper).

Far-IR imaging as well as high-resolution mid-IR spectros-
copy will soon be available from NASA’s Spitzer Space Tele-
scope and may help clarify the nature of this region and reveal
other deeply embedded sources.

4.2. SEDs and Photometry

Near-IR photometry of RNO 1B and 1C was conducted using
an 18 pixel (2”7) radius aperture. This aperture is ~3 times the
FWHM of the 3.8 ym PSF and 6 times the FWHM of the 4 ym
PSF. Sky emission was estimated from the median of an an-
nulus surrounding each source. Photometry of confused regions
was performed by masking out extraneous sources. We found
that this method introduced an extra 3% uncertainty in the near-
IR fluxes. Mid-IR photometry of all sources was conducted
by growing an aperture around each object until the statistical
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TABLE 6
Frux DEnsiTiES (Jy)

Name 3.8 um 4.67 pm 10.8 pm 18 pum o
RNO L. 0.52 0.97 —0.38
RNO 1B 0.68 0.58 1.24 1.61 —0.65
RNO 1IC 0.78 0.67 0.79 2.34 —0.41
RNO IF..... 0.03 0.02 0.08
RNO 1C-NW 0.13
DLIRIM 1 0.06 0.04 . 0.18 —0.30
DLIRIM 3 0.18
V380 OFi..coueiiiiiciiciiiine 7.97 6.64 —-0.39
Z CMa... 121.82 151.30 —0.01
Par 21 ..o 0.96 3.43 0.74

1041

? Spectral index.

noise exceeded the increase in flux. Both the mid- and near-IR
photometry are presented in Table 6.

We show in Figures 4, 5, and 6 the 1-20 um SEDs derived
from our observations and from data in the literature. When
possible, we selected literature data that was contemporaneous
(within the same year) to limit the effects of source variability.
We computed the spectral index a for each object by least-
squares fitting of all data between 2.2 and 18 um. We deliber-
ately excluded 3.0 and 10 pum photometry, since some objects
show evidence for spectral features such as ice and silicates in
these regimes. Photometry and spectral indices of all the
sources are presented in Table 6.

The three brightest sources in the RNO 1 region, RNO 1,
IB, and 1C all fall into the Class II category but exhibit
markedly different SEDs (Fig. 4). RNO 1B and 1C show a
sharp rise in flux from 1-2 pm, while RNO 1 shows a flat
SED and an abrupt decline at 3 ym. RNO 1B declines in flux
to 18 pum, while RNO 1C begins to rise in flux at 18 pm,
possibly indicating a 10 pm silicate absorption feature. The
Midcourse Space Experiment (MSX) telescope also observed
the RNO 1B/C pair but was not able to resolve the individual
sources (MSX Archive).” MSX photometry indicates a con-
tinued rise in flux toward longer wavelengths (Fig. 4).

The 10 pum absorption feature seen in both RNO 1C and
DLIRIM 1°s SEDs, as well as the elongated 18 pum emission
from RNO 1C, supports the presence of large masses of dust
around these objects. The absorption feature can be produced
by obscuring dust, as can occur within a flattened envelope or
edge-on disk (Cohen & Witteborn 1985)—for example, the
disk of CRBR 2422.8—3423 (Thi et al. 2002).

3 Available at http://irsa.ipac.caltech.edu/Missions/msx.html.

Using the resolved 1-20 pm photometry from our ob-
servations and the literature, as well as optical observations
from Staude & Neckel (1991) and the published extinctions
toward RNO 1, 1B, and 1C (Table 5), we calculated the ex-
tinction-corrected luminosities of these three objects. We do not
calculate the integrated luminosities of the other sources in this
region (DLIRIM 1, RNO 1F, DLIRIM 3) because of the limited
wavelength coverage available. We also note that Staude &
Neckel (1991) do not cite an optical magnitude for RNO 1C.
However, we found a faint detection within 170 in the USNO B1
catalog (Monet et al. 2003). After converting the photographic
magnitude to the Landolt system, we derive an R magnitude
of 15.6. We find optical to 20 um luminosities of 44, 144, and
121 L, for RNO 1, 1B, and 1C, respectively. All sources are
somewhat more luminous than expected for their spectral types.
However, evolutionary models predict that young stellar ob-
jects should exhibit excess luminosity during their evolution
onto the main sequence (see Palla 1999 for a review). The
optical to 3.5 pm luminosity of the entire RNO1B/C system is
~900 L, (assuming A4, = 10.0), in excellent agreement with
results in Kenyon et al. (1993). However, this region emits
substantial luminosity in the far-IR. Mookerjea et al. (1999) cite
unresolved 12—-200 pm fluxes for the RNO 1B/C region from
IRAS and the Tata Institute of Fundamental Research balloon-
borne telescope (TIFR). Including these fluxes in our calcu-
lations, we find an integrated luminosity for the entire system of
~4300 L. Most of the luminosity in this region arises in the
far-IR and potentially drives the bipolar outflow. Our mid-IR
imaging (§ 4.1) shows that DLIRIM 1 is nearly coincident with
the centroid of the /RAS position. However, several other

—14.0F
1450 L s
—158[ A RNO | "% € F ﬁ] ]
m RNO 18 o r ]
o —16.0 0 RNO 1C . MS; = —150r -
5 —162fF # B i . S 55l o © 1
< 77t o ® o O o ]
164 T . 7 [ ¢
< loa]
P o _ § e 7
fﬂ —16.6 ? 4} @ * - - 16'O:ov380 ori
o [OZ CMa
- —16.81 Eﬁ i pae -16.5 ‘ ‘ L A
-17.0 . L 1 2 3 4 1012 1821
1 2 3 5 10 1821 A ()
A (um)

FiG. 4—The 1-20 pum SEDs of RNO1, RNO 1B, and RNO 1C. The cross
indicates the 21 pm flux of the unresolved pair RNO 1B and RNO 1C from the
MSX catalog. The 1-3 um data are from Kenyon et al. (1993).

Fic. 5—The 1-20 pum SEDs of V380 Ori and Z CMa. Filled symbols show
OSCIR photometry. Other data are as follows. V380 Ori: Rossi et al. (1999),
Berrilli et al. (1987), Cohen (1973), Z CMa: Teodorani et al. (1997), Berrilli
et al. (1987), Persi et al. (1996).
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Fic. 6.—The 1-100 pum SED of Par 21. Filled squares show /RAS pho-
tometry. Other data are from Li et al. (1994), Cohen (1974), the MSX Catalog,
and Abraham et al. (2004).

sources still lie within the /R4S position ellipse, and it is crucial
to obtain high spatial resolution far-IR imaging to ascertain
definitively which source in this region is producing the lumi-
nous far-IR emission.

These objects also show characteristics of Class I sources.
The spectral indices of RNO I, RNO 1C, and DLIRIM 1 fall
near the upper end of range defined for Class II objects and
might better be described as Class I flat-spectrum sources. In
addition, dust masses associated with submillimeter emission
near the location of RNO 1C are much larger than for typical
Class 1II objects (Sandell & Weintraub 2001), suggesting that
these objects still retain massive envelopes of dust similar to
those of Class I objects.

In Figures 5 and 6 we show SEDs for V380 Ori, Z CMa, and
Par 21. OSCIR data are shown as filled symbols, and photom-
etry is shown in Table 6. V380 Ori exhibits an SED that declines
toward longer wavelengths, with an index characteristic of
Class II sources. OSCIR mid-IR photometry for V380 Ori
shows significant discrepancies with previous observations by
Cohen (1973) and Berrilli et al. (1987). Extensive near-IR ob-
servations of this object have shown ~0.2 mag variability
(Carpenter et al. 2001) and constrained the angular size of the
emission to within 1 AU of the star (Millan-Gabet et al. 2001).
In addition, we find that our 10 ym photometry is discrepant
with HIFOGS spectral fluxes by almost 2 Jy, or 25%. Our ob-
servations, in conjunction with limited mid-IR monitoring by
Davies et al al. (1990), suggest continued variability into the
mid-IR regime. Simultaneous temporal monitoring in the near-
and mid-IR could help constrain the origin of the mid-IR
emission. A significant lag between near- and mid-IR variation
could indicate that the mid-IR emission arises in a more distant
circumstellar location, such as a cool dusty envelope.

The 10 and 18 um emission must be constrained in physical
origin to 368 and 460 AU, respectively, by the width of the mid-
IR PSFs (078 and 1”7 FWHM). V380 Ori is a close binary.
However, the companion cannot be the origin of the long-
wavelength emission, since its SED shows a declining slope
and it is likely too faint at wavelengths longer than 10 pum to be
detectable (Leinert et al. 1997). Since the binary separation is at
maximum 69 AU (69 sin i), the cool emission could arise in a
circumbinary envelope. High spatial resolution observations
with 10 m class telescopes are needed to further constrain the
source of this emission.

Z CMa is a close binary, with the FU Ori object dominating
the SED at visible wavelengths, while the IR range is dominated
by a luminous PMS companion, which may be a Herbig Ae/Be
star (Whitney et al. 1993). The Herbig star’s SED is relatively
flat between 2 to 20 um with a slope @« = —0.01, which places
this object in the flat-spectrum/Class I category. A slight in-
flection in the SED suggests a 10 um silicate absorption feature
that we confirm with mid-IR spectroscopy (§ 4.3). Z CMa is

Fic. 7—Spectroscopy of the RNO 1B/1C system with the ISO SWS
(R ~ 200—1000) (open squares) and BASS (circles). The NSFCAM and
OSCIR data are plotted as filled circles.

known to vary by as much as 0.3 mag in the IR, and recent
observations show long-term variability in the optical and near-
IR (Teodorani etal. 1997; van den Ancker etal. 2004). Our 18 ym
photometry agrees well with previous observations, to within the
uncertainties for each data set (Cohen 1973), but the 10 pm flux is
about 25% higher than literature photometry (Berrilli et al. 1987)
and 16% higher than HIFOGS 10 pm spectroscopy (§ 4.3.1). We
speculate that this discrepancy could be due to variability in the
strength of the silicate absorption feature. Two measurements
of the 10 pm flux were made with the OSCIR detector, but they
were separated by nearly a year in time; the mean flux is cited in
Table 6. Both observations found fluxes more than 20% larger
than previously cited fluxes (Cohen 1973; Berrilli et al. 1987).

Few observations exist in the literature for Par 21. One fre-
quently cited L-band observation is only an upper limit (Cohen
1974). In Figure 6 we show all published photometry culled
from the MSX, the Infrared Space Observatory (ISO), IRAS, and
our own mid-IR observations spanning the 1-100 pm range
(Abraham et al. 2004; Egan et al. 2003; PSC). The high spatial
resolution, diffraction-limited OSCIR observations constrain
the angular size of the Par 21 dust emission to less than 360 AU
(079 FWHM) at 10 um. The SED shows some indications of
variability; IRAS photometry ( filled squares) shows the same
spectral shape but lower fluxes than the /SO and MSX pho-
tometry. The SED shows a steeply rising slope to 25 um, with
a = 0.74, characteristic of Class I objects. At longer wave-
lengths the SED is relatively flat to 100 gm. We confirm this
SED shape with 3—13 um spectroscopy, for which we find
a = 0.81. The spectroscopic results are discussed further in
§4.3.

4.3. Dust Characteristics

Infrared and submillimeter photometry and spectroscopy can
be used to derive dust temperatures, compositions, and masses
and can help constrain the morphology of the dust emitting re-
gions. We show in Figures 7, 8, and 9 mid-IR spectroscopy of
all four sources, and we subsequently derive dust temperatures
from model fits to the SEDs and spectra and dust masses from
submillimeter data.

4.3.1. Spectral Features

Most FU Ori—class stars show either a weak emission feature
or an absorption feature in 10 pm spectra (Hanner et al. 1998).
Our new mid-IR spectroscopy of RNO 1B, V380 Ori, Z CMa,
and Par 21 demonstrates a complete range of spectral phenom-
ena, from featureless to silicate emission and silicate absorption.

The RNO 1B region was observed with the Short Wavelength
Spectrometer (SWS) on ISO. In Figure 7 we compare the /SO
archival spectrum (processed with On-Line Processing 10.1) with
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Fic. 8 —HIFOGS spectra of Z CMa and V380 Ori. V380 Ori’s spectrum
has been multiplied by a factor of 8. HIFOGS error bars have been omitted for

clarity. OSCIR photometry for Z CMa and V380 Ori has been superposed as
filled circles and squares.

the BASS spectrum. The SWS spectrum has been rebinned to
~0.1 pm resolution, and all points with uncertainties greater than
15% have been excluded. We also plotted our NSFCAM and
OSCIR photometry as filled circles. BASS fluxes agree with our
broadband IR photometry to within the error bars. There is agree-
ment between the shapes of the BASS and SO spectra but a factor
of ~3 discrepancy in the flux levels. We attribute this difference to
ISO’s much larger aperture (33" x 20”) and to the circumstance
that the emission arises in multiple sources, including the nearby
IR-bright companion RNO 1C.

Both spectra show the long-wavelength edge of the 3.1 pum ice
absorption feature observed by Graham & Chen (1991) and a
broad feature from 4.5-5.5 pm. We suggest that this feature may
arise in a blend of absorption lines from CO, ice at 4.27 pum and
emission from hydrogen at4.4,4.7, and 5.1 um (Benedettini et al.
2001). Longward of 8 um both spectra are relatively featureless,
and no obvious silicate feature is present.

In Figure 8 we show 7—13 pm HIFOGS spectra of V380 Ori
and Z CMa. Data with uncertainties >15% have been excluded
from the plots, and, for the sake of clarity, error bars are not
shown. V380 Ori’s spectrum appears relatively featureless; the
small silicate emission feature seen in previous studies is absent
(Cohen & Witteborn 1985). Recent studies of the T Tauri star
DG Tau indicated that the silicate features of young stars can
vary in strength and shape (Woodward et al. 2003), possibly
because of disk activity; this scenario might apply to V380 Ori
as well. Comparison of the HIFOGS spectrum with data for the
same wavelength range shown in Cohen & Witteborn (1985)
shows that the HIFOGS spectrum has a shallower slope, suggest-
ing that the overall shape of the spectrum may have changed as
well. Our mid-IR photometry ( filled circle) is discrepant with the
HIFOGS data, also indicating some variability.

Z CMa’s spectrum shows 10 pm absorption from silicates.
This feature has been present in all previous observations
of Z CMa (Bhatt & Gorti 1993; Cohen & Witteborn 1985;
Kraemer et al. 2002). The spectrum shows consistently lower
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Fic. 9.—BASS 3-14 pum spectroscopy of Par 21. The OSCIR, MSX, and
IRAS photometry has been superposed as filled squares.

flux levels than Cohen & Witteborn (1985), as well as our own
photometry ( filled square) and may indicate some variability
of the absorption feature, as discussed in § 4.2. Koresko et al.
(1991) and Thiébaut et al. (1995) modeled this system’s SED
and found that a spherical dust envelope surrounding the Herbig
star component can reproduce the silicate absorption feature.
In Figure 9 we show the first 3—14 um spectrum of Par 21.
IRAS (12 pm), OSCIR (10.8 pm), and MSX (8.3 and 12.2 pum)
photometry is superposed as filled squares. The data sets show
different flux levels in the 12 um regime, suggesting some var-
iability, as discussed in § 4.2. This object shows a wealth of
spectral features from both dust and ices. Like RNO 1B, Par 21
shows water ice absorption at 3.1 um and CO, ice at 4.27 pym.
We interpret a strong emission feature at ~8 pum as a blend
of the 7.7 and 8.6 um hydrocarbon features. Par 21 is the only
FU Ori source showing hydrocarbon emission in the mid-IR.
In addition, Par 21 exhibits a broad emission feature in the
9.5-12 pm regime. More evolved YSOs, such as HD 100546
(Malfait et al. 1998), sometimes exhibit emission in this regime
that has been attributed to evolved silicate grains (Honda et al.
2003; Meeus et al. 2001). Models of these sources incorpo-
rate larger grains (1-2 pum) with crystalline silicate composition
(Bouwman et al. 2001). Laboratory studies of crystalline sili-
cates show emission peaking at longer wavelengths (11.2 pm)
than amorphous silicate (9.7 pm), as is the case for Par 21.
However, a hydrocarbon feature also occurs in the 11.3 pm re-
gime. Considering that Par 21 shows hydrocarbon emission
at 8 pm, it is likely that a small peak at 11.3 pm also originates
in hydrocarbon grains. Additional emission in the 9-10.5 ym
region could arise from crystalline silicates. Observations of the
T Tauri star Hen 3—600A show crystalline silicate emission in
this regime (Honda et al. 2003). Spitzer spectroscopy and imaging
of Par 21 is currently scheduled (Gehrz GTO Program 124). With
10 times better spectral resolution and 1000 times increased sen-
sitivity, Spitzer will be able to disentangle the multiple spectral
features of Par 21 and determine their compositional origin.

4.3.2. Dust Temperature and Optical Depth

We used simple one-dimensional radiative transfer models of
dust emission based on code written by Varosi & Dwek (1999) to
fit the mid-IR (7-14 pm) regime of our spectra. The shorter
wavelength emission of FU Ori systems shows numerous ab-
sorption features from gas in the accretion disk atmosphere, as
well as the influence of scattering processes. Detailed accretion
disk models and better spectral resolution near-IR data are more
appropriate to model this regime (Hartmann & Kenyon 1985).
However, steady accretion disk models tend to breakdown in the
mid-IR where the observed emission exceeds the model pre-
dictions (Hartmann & Kenyon 1996; Kenyon & Hartmann 1991);
at these wavelengths the emission may be dominated by thermal
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trum of RNO 1B.

emission from a dusty envelope. Simple one-dimensional mod-
eling can still yield important information concerning grain tem-
perature, size, and extinction toward these sources.

We tested a simple one temperature model,

F, = Q{ [1 - e’T(”)]B,,(T)}e’ hos (1)

where F, is the observed flux density at frequency v, 2 is the
solid angle, 7(v) is the emission optical depth of the circum-
stellar material, B, (T) is the Planck function at frequency v and
temperature 7, and 7(v); og is the absorption optical depth due to
the intervening interstellar and circumstellar medium. Strong
features in the BASS spectra, such as hydrocarbon emission,
were excluded from these model fits.

Model input parameters include a line-of-sight (LOS) extinc-
tion Ay (and corresponding 7 os; 1.0867, = Ay) toward each
object (listed in Table 5), a grain size distribution ranging from
0.001 to 1.0 pm, with a power-law exponent of —3.5, analogous
to the MRN model (Mathis et al. 1977), and optical constants
for astronomical silicate and graphite grains from Draine & Lee
(1984) and Draine (1985). We note that Draine (1985) grain
constants are based on the Trapezium emissivity profile.

The extinction toward each object, Ay, is extracted from the
literature and is the total LOS extinction; i.e., interstellar and
circumstellar. It is often difficult to disentangle the two con-
tributions, and few studies cite separate values for the objects
analyzed here. However, the local, circumstellar extinction likely
dominates for the heavily embedded FU Ori systems.

All objects require a dual component graphite+silicate grain
mixture; pure silicate grain or pure graphite grain mixtures pro-
duced lower quality fits, with x2 > 5. We therefore used the
standard MRN grain mixture typical of the diffuse ISM, with a
silicate/graphite grain abundance of 1.12 (Draine & Lee 1984).

We used a nonlinear least-squares Levenberg-Marquardt
method to solve for three parameters: dust temperature, 7, the
emission optical depth at 9.7 um, 7(9.7), and the LOS extinc-
tion in the visual and at the center of the silicate band (9.7 pum),
T(V)Los and 7(si) og (Bevington & Robinson 1992). The vi-
sual optical depth 7(v) g is derived by using the Draine dust
constants and the fact that 7(si), o5/ 7(¥) o5 = Csi/Cy, Where
C is the dust cross-section for scattering and absorption in the
silicate and visual bands, respectively.

We compare our results for the extinction, 4, [as derived from
T(V) os] With those cited in the literature and with those derived
from the relationship between silicate band optical depth and the
visual extinction, 4, /7 = 18.5 (Roche & Aitken 1984). We
discuss the results for each object below.

BASS spectroscopy of RNO 1B was fitted between 7 and
13 pm with a single-temperature model and a silicate/graphite
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Fic. 11.—Same as Fig. 10, but for the HIFOGS 7—-13 um spectrum of
V380 Ori.

grain mixture. We found that the silicate/graphite fraction of
the emission component strongly influenced the quality of the
fits. Since this object shows no silicate emission, it is plausible
that the dust producing the emission has a lower abundance of
silicate than the standard mixture for the diffuse ISM. We
therefore constructed a grid of models, varying the silicate/
graphite fraction of the emission component from 0.0 to 1.0.
We found the best fit (Fig. 10) x> =2.2, T =282 4+ 2 K,
T(s1)pos = 0.75 £ 0.03, 7(v) o5 = 8.29 £ 0.3, and an emis-
sion optical depth of 7(9.7 um) = 0.0004 £ 0.00001, with a
silicate/graphite fraction of 0.25 for the emission component
and the standard silicate/graphite fraction 1.12 for the diffuse
LOS extinction component.

The visual extinction, 4, = 1.0867,, is 9.00, in excellent
agreement with published values (4 = 9.2; Staude & Neckel
1991). Studies of dust in the local interstellar medium have
found a relationship between silicate optical depth and extinc-
tion, 4,/75 =18.5 (Roche & Aitken 1984). Assuming 7(si); og =
0.75, we find 4, = 13.9, more than 4 mag fainter than published
values. One possible explanation for the discrepant results is that
the extinction toward RNO 1B includes a population of large
grains, which produce a component of neutral extinction. Larger
than normal grains have been indicated in a number of star-
forming regions, for example, Orion (Cardelli & Clayton 1988),
and are believed to result from grain growth processes in these
regions. A study of the Taurus star formation region found anom-
alous values of the 4y /7(si) ratio (Whittet et al. 1988), and recent
studies of Herbig stars found large values of Ry, indicative of
grain growth (Hernandez et al. 2004).

Few data exist for RNO 1C, and the only mid-IR photometry
is from our 10 and 18 um observations. Model fits are not well
constrained, and we avoid modeling this object until additional
observations are available.

A comparison of V380 Ori’s OSCIR photometry and HIFOGS
spectrum show some variability, as discussed in § 4.2. Thus,
we fitted solely the 7—13 pm spectrum. The HIFOGS spectrum
is best fitted by x> =2.2, T=429 £ 6 K, 7(v) o5 = 15.7 &
0.4, 7(si)1og = 1.4 £ 0.04, and an emission optical depth of
7(9.7 pm) = 0.0007 £ 0.00003 (Fig. 11). We note that other
authors also found temperatures in the 400—-500 K range and
silicate absorption optical depths ranging from 0.9 to 1.5, in good
agreement with our results (Cohen & Witteborn 1985; Berrilli
et al. 1992).

The visual extinction, as derived from 4, = 1.0867,,1is 17.1;
greatly discrepant with published values (1.4; van den Ancker
et al. 1998). In addition, assuming the relation between silicate
optical depth and extinction (4, = 18.57), we find a visual
extinction of 25.9 mag. Several observations hint at potential
problems with the visual extinction. The inherent spectral type
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Fic. 12.—Same as Fig. 11, but for Z CMa.

and therefore color excess of V380 Ori are greatly uncertain. A
study by Hernandez et al. (2004) found that V380 Ori could not
be assigned a spectral type, since it is highly veiled and does not
show any photospheric absorption features. Strom et al. (1989)
found values of 4y ranging from 3 to 24, depending on the
method of calculation. Polarization measurements in the optical
also suggest that there could be a significant contribution from
scattered light at these wavelengths, and the extinction derived
from optical data may be an underestimate (Jain et al. 1990).
Finally, a detailed spectroscopic study of this object and the
local ISM in the UV and optical also found discrepant values of
the color excess, possibly due to an anomalous interstellar ex-
tinction law (Rossi et al. 1999). More detailed study of this
object and its spectroscopic and photometric variability is re-
quired to disentangle contributions from scattered light and to
verify the spectral type, color excess, and extinction.

Recent monitoring campaigns have shown that Z CMa
varies greatly in brightness in both the optical and infrared
(van den Ancker et al. 2004). Therefore, we fitted solely the
simultaneous 7—14 pum HIFOGS spectroscopy with the as-
tronomical silicate and graphite model. We also assume that
the emission at these wavelengths is dominated by a single
component of this binary system, the luminous Herbig Ae/Be
companion. Both the SED and spectra of Z CMa show an
absorption feature at ~9.7 um attributed to silicate dust. The
Draine & Lee dust model, with 1.12 silicate/graphite abun-
dance, did not produce a good fit to this data; 2 was in excess
of 9.0. Therefore, we calculated a grid of models, varying the
silicate composition of both the LOS dust producing the ex-
tinction and the composition of the emitting dust. The best fit
to the 7-14 pm spectrum was achieved with pure astronom-
ical silicate dust absorption in the LOS and featureless un-
derlying continuum emission from graphite grains (Fig. 12).
This model yields 7(v);og = 2.1 £ 0.03, 7(s1) o5 = 0.49 £
0.007, an emission optical depth of 7(9.7 um) = 0.035+
0.0004, T =274 £ 0.5 K, and x2 = 3.3. Other studies have
found 7 ranging from 0.4 to 0.7 and a dust temperature of
450 K (Berrilli et al. 1992; Cohen & Witteborn 1985). The
visual extinction as derived from our model fits and 4, =
1.0867, is 2.3, and if we assume the canonical relationship be-
tween silicate optical depth (75 = 0.49) and extinction, we
find 4, =9.1.

We speculate that our much lower dust temperature and the
discrepant extinction results may be related to the large varia-
tions in optical and infrared brightness of this source that may
have changed the slope of the SED. Recent work by van den
Ancker et al. (2004) estimated the optical magnitude of the
Herbig star component of this system at three epochs between
1987 and 2000, identified a flare of the Herbig star, and sug-
gested a link with variable circumstellar extinction. Between
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trum of Par 21. Data points used in model fitting are plotted as filled squares.
Excluded points are plotted as open squares.

the epoch of the Cohen & Witteborn (1985) observations (1978)
and the epoch of the HIFOGS observations (1994), the infrared
flux increased by ~0.3 mag, and the visual flux varied by at least
a magnitude (van den Ancker et al. 2004). Extinction estimates
range from 3.4 to 3.7 mag, assuming a ratio of total to selective
extinction of R = 3.1, but it could be larger if R is larger. We note
that some authors have suggested that the dust grains around
very young stars are larger than those in the ISM because of grain
growth processes (Pezzuto et al. 1997; Gorti & Bhatt 1993).
Extinction from these larger grains might best be described by a
reddening law with R, = 5, rather than the canonical ISM R, =
3.1 (Pezzuto et al. 1997).

The 3—14 pum BASS spectrum of Par 21 shows a wealth of
features including hydrocarbon emission in the 7.5-9 um re-
gion and additional emission at 11 um. Limited broadband pho-
tometry also exists for Par 21; however, the SED rises steeply at
18 um, and we found that the spectral features and the steep SED
precluded good fits with our dust model. We therefore excluded
the 7.5-8.7 um emission and fitted the remainder of the 7—14
spectrum with the standard Draine & Lee silicate/graphite model
(Fig. 13). We found a reasonable fit (x> = 2.1) to the obser-
vations, with 7 () o5 = 12.1 £ 1.0, 7(si) g = 1.1 £ 0.09, an
emission optical depth of 7(9.7 um) = 0.0008 £ 0.0001, and
T =265 £ 9 K. The visual extinction as derived from A4, =
1.0867, is 13.1 and, as derived from the optical depth of the
silicate feature, 4, = 20.4.

Among all the sources examined in this study, Par 21 shows
the steepest SED, implying large masses of dust at long wave-
lengths. In addition, the derived visual extinction of this object
(4, = 13.1) shows the greatest disagreement with published val-
ues (4, = 4.0). Optical observations indicating large polariza-
tion of up to 40% (Draper et al. 1985), as well as our spectra
showing hydrocarbon emission, suggest that the dust contains
a large population of very small grains, which could indicate a
strong scattered light component to the optical flux and a larger
extinction than the 4.0 cited in the literature (Staude & Neckel
1992). These small grains could also influence the extinction law
in this region and alter the ratio of the total to selective extinction
(R). We also note the uncertain spectral type of Par 21, ranging
from F5 V to A5 Vand F5 Iab, which could influence previous
derivations of the extinction (Neckel & Staude 1984; Staude &
Neckel 1992; Hillenbrand et al. 1992). The presence of lithium
in optical spectra of Par 21 also points to a later spectral type than
A5 (Staude & Neckel 1992).

4.3.3. Submillimeter Dust Masses

We calculated dust masses for each object based on submilli-
meter photometry from the literature and our own observations
of Par 21 (Table 7). We assume optically thin dust at millimeter
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TABLE 7
SUBMILLIMETER FLUXES AND DusT MASSES

7 Fu Mdusl
Name (pm) (mly) (107 M) Notes
850 6600 295.9 Sandell & Weintraub (2001)*
1300 8 0.35 Natta et al. (1997)
850 1500 80.5 Sandell & Weintraub (2001)
870 89 0.94 This paper

# RNO 1 SM1.

wavelengths with a uniform temperature of 50 K. Dust mass can
be estimated from the following (Hildebrand 1983):

F,d?
My =2 2
T BT’ 2)

where F), is the observed flux, d is distance, B,(T) is the Planck
function at temperature 7, and &, is the dust grain opacity.

Dust opacities (k,,) are very uncertain and can vary by a factor
of 4. Natta et al. (1997) suggest a value of 1 cm? g~ at 1300 pm,
while Reipurth et al. (1993) suggest a value between 0.3 and 2.0.
There is strong evidence that the value of x, depends on grain
size, structure, and chemical evolution (Ossenkopf & Henning
1994; Pollack et al. 1994). Older, more evolved systems, such as
debris disks, may have higher values of x,, (Jayawardhana et al.
2002). We assume that «,, scales as x, = rko(4o/A) (Hildebrand
1983) and a value of K300 um = 1 cm? g‘l, and therefore Kg70 ym =
1.5. This value agrees remarkably well with theoretical values
derived by Ossenkopf & Henning (1994) for very young proto-
stars. With these simple assumptions and the distances cited in
Table 5, we derive the dust masses as shown in Table 7. We note
that our calculations use the full Planck function [B,(7)]. Many
authors use the Rayleigh-Jeans approximation at these wave-
lengths, which produces masses larger by almost a factor of 3
for our sample (Natta et al. 1997; Weintraub et al. 1991).

5. DISCUSSION

Are the observational attributes of FU Ori systems similar?
Can one form a coherent picture related to their evolutionary
stage and embeddedness? Multiwavelength analysis of objects
in our sample leads to a confused understanding as to their
relative evolutionary stages. We compare below their IR and
submillimeter characteristics and discuss how these objects fit
into the simple evolutionary schema for young stars.

Large submillimeter dust masses are generally accepted as
indicative of youth. Younger objects, such as Class I sources,
are expected to exhibit larger dust masses than more evolved
objects, such as debris disk systems. SED indices can be used as
a guide for relative evolutionary age. Class I sources should be
younger than Class II sources. We find that Par 21, a heavily
embedded Class I source, exhibits a submillimeter dust mass
300 times smaller than that of the RNO 1B/1C Class II system.
However, if the dust of the Par 21 system is dominated by tiny
grains, as suggested by observations of hydrocarbon emission,
and large polarization, the unusually small submillimeter mass
may be naturally explained. The “pre—FU Ori” system V380
Ori has the smallest dust mass and shows few of the charac-
teristics of other FU Ori systems, such as a large optical outburst
and a late spectral type. Z CMa is a special case, since the IR
emission actually originates in the Herbig star component rather
than the FU Ori star, and it is uncertain which component
produces the submillimeter emission.

Younger sources are also expected to be more luminous in the
IR, because they still retain large masses of circumstellar dust, and
to exhibit more extended morphology than more evolved, and
less luminous, sources. RNO 1B and RNO 1C are located within
the same molecular cloud and are presumably coeval, and yet
they exhibit somewhat different SEDs and mid-IR morphology.
RNO 1C shows extended structure, while RNO 1B is unresolved.
In addition, Par 21 has a rising, Class I SED characteristic of ob-
jects with dusty envelopes yet is unresolved in the mid-IR despite
being less distant than the RNO 1B/1C system.

If one compares mid-IR spectra, most FU Ori class stars show
either a weak silicate emission or absorption feature in 10 ym
spectra (Hanner at al. 1998). However, unlike all other known
FU Ori systems, Par 21 shows strong hydrocarbon emission,
as well as possible silicate emission. The spectra of RNO 1B
and V380 Ori are featureless, while broadband photometry of
RNO 1C suggests a 10 ym absorption feature.

FU Ori systems are assumed to be in similar, short-lived
evolutionary stages, and therefore the evolutionary stage itself
should not be the mechanism determining the variation among
their observational properties. The presence of 10 um silicate
emission or absorption could be influenced by disk orientation.
A face-on disk would not show a strong silicate absorption fea-
ture, while an edge-on disk would show strong absorption. Mod-
els of the polarization of the Herbig star component of the Z CMa
system find a disk inclination between 40°—60° (Fischer et al.
1998) suggesting that the 10 pm absorption feature could be pro-
duced in the disk. Unfortunately, it is often difficult to determine
disk orientation unambiguously. Models of the optical polariza-
tion of Par 21 suggest that its disk is nearly edge-on, but no silicate
absorption is apparent in its spectrum (Bastien & Ménard 1990;
Draper et al. 1985). In addition, Hillenbrand et al. (1992) have
successfully modeled this source’s SED as originating in a face-on
disk. We conclude that the presence of silicate absorption does not
in itself unambiguously indicate an edge-on disk orientation.

A binary companion could also influence the observed SED.
Some authors have even suggested that the FU Ori phenomenon
is driven by interactions with a close companion (Reipurth &
Aspin 2004). Models of binary systems predict that the tidal in-
fluence of close companions disrupt circumstellar disks and may
truncate the disk beyond the orbit of the companion (Osterloh &
Beckwith 1995). In this scenario the system retains less dust mass,
exhibits a smaller millimeter flux, has a smaller disk radius, and
therefore is less easily resolved in the IR. Both V380 Ori and
Z CMa possess close (< 1”) companions that may have influenced
the distribution of dusty material in these systems. V380 Ori ex-
hibits a smaller dust mass than any known FU Ori system by a
factor of ~30 (Sandell & Weintraub 2001). However, Z CMa’s
submillimeter dust mass is relatively large compared with most
other FU Ori systems. It is still uncertain whether the submilli-
meter dust is circumbinary or associated primarily with the FU Ori
component of this system (Sandell & Weintraub 2001).
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In the face of the heterogeneity of our sample, we question
what singular attributes define the FU Ori class. All the sources
in our sample show evidence for molecular outflows and IR
excesses, definitively placing them among the youngest PMS
systems. In addition, our model fits to the silicate feature
indicate an anomalous extinction law for all objects in this
sample. While all of these object show some indications of var-
iability, only RNO 1B is known to have exhibited the classic
FU Ori optical eruption. Prominent CO absorption bands are
also an important diagnostic criterion. These spectral features
have been linked to the presence of a disk but have not been
detected in other types of PMS systems (Reipurth & Aspin
1997; Calvet et al. 1991). The 2.3 um CO absorption feature is
seen in the spectra of RNO 1B, RNO 1C, and Z CMa but has not
yet been explored for Par 21 and was not detected for V380 Ori
(Carr 1989). In addition, a recent study by Herbig et al. (2003)
suggests that the CO lines are photospheric in origin and that
FU Ori outbursts might not arise in disk activity after all.
Sandell & Weintraub (2001) suggest that FU Ori systems may
be distinguished from other PMS stars, such as T Tauri systems,
by their locations in dense molecular clouds, by the large ex-
tent of their submillimeter emission, and by their dust mas-
ses, which are typically 10 times larger than those for T Tauri
systems. However, Par 21 is again an anomaly; showing one
of the smallest dust masses of all these systems (Sandell &
Weintraub 2001). We conclude that the IR characteristics of
these systems are heavily influenced by local environmental pa-
rameters, such as grain composition, binary companions, and
disk inclination.

6. SUMMARY

IR and submillimeter observations can penetrate the heavy
extinction associated with the FU Ori phase of disk/star evo-
lution and reveal the dust morphology and spectral features. We
resolve a disklike structure around the FU Ori star RNO 1C for
the first time and detect a cool mid-IR source, DLIRIM 1, which
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may be the source of additional disk activity in this region.
Par 21, uniquely among all FU Ori systems, shows hydrocarbon
emission, a small dust mass, and strong evidence for a large
population of tiny dust grains. Z CMa is a binary system, with
most of the IR emission arising in the Herbig star component,
which exhibits a 10 um silicate absorption feature. V380 Ori
was tentatively classified as a pre—FU Ori system by Welin
(1987). We find that it shows few of the expected features of
FU Ori systems and may not actually be a member of this class.
All of these objects show strong indications of extreme youth
but exhibit a heterogeneous set of spectral phenomena. The IR
and submillimeter emission may be influenced by disk orien-
tation and the presence of binary companions, which could
disrupt the disk.
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